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Preface 



‘Smart Sensors and MEMS’ was the title of a NATO Advanced Study 
Institute (AST) held in Povoa de Varzim, Portugal, from 8 to 19 September 
2003. The purpose of the meeting was to discuss and disseminate the 
latest knowledge in field of smart sensors, transducers and MEMS 
technologies with a view of advanced signal processing and novel 
conversion methods. With that in mind, a broad range of physical, 
chemical and biosensors design principles, technologies and applications 
were included in the programme. 

It was a first attempt to discuss in the same event different physical, 
chemical, biological sensors and MEMS technologies in point of view of 
smart sensors creation. Fourteen experts from Czech Republic, Germany, 
Italy, Israel, Netherlands, Portugal, Russia, Switzerland, Ukraine and USA 
have been invited to give lectures on latest achievements in sensors area 
and technologies. 

The main task of measuring instruments, sensors and transducers 
designing has always been to reach high metrology performances. At 
different stages of measurement technology development, this task was 
solved using technological methods, consisting in technology perfection, 
as well as structural and structural-algorithmic methods. Historically, 
technological methods have received prevalence in the USA, Japan and 
Western European countries. The structural and structural-algorithmic 
methods have received a broad development in the former USSR and 
continue developing in NIS countries. The improvement of metrology 
performances and extension of functional capabilities are being achieved 
through the implementation of particular structures designed in most cases 
in heuristic way, and using advanced calculations, algorithms and signal 
processing (for example, Lyapunov’s characteristic functions, weight 
functions, inferential calculations for soft sensors, advanced self-adaptive 
methods for frequency-to-digital conversion, etc.). Digital and quasi- 
digital smart sensors and transducers are not the exception [1]. 

The last crisis in the area of high technologies has evidently shown, 
that it is not enough to use only the technological methods. Despite of 
crisis, we need now smart sensors with increased accuracy, reliability and 
speed. Nowadays, intelligent sensors are extremely necessary for such 
applications, as electronic noses and tongues, smart vision systems, 
personnel (human body) detection, authentication systems, building 
monitoring system, etc. Most effectively for achievement of this purpose 
is a combination of technological methods and structural-algorithmic 
methods. It allows to achieve the same performances (or even better) at 
reduced material and human costs, with a much faster response. 
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xiii 

The NATO ASI has brought together experts from the various and 
highly diverse areas of this broad field and to diffuse their work in the 
field of smart sensors and MEMS. The diffusion and share of concepts is 
very important and timely for the future developments in this emerging 
scientific area. In fact, the main objective of the NATO ASI was to 
disseminate up to date knowledge concerning the new and emerging 
applications of modem smart sensors (including their usage in the defense 
against terrorism) and to stimulate active international cooperation in the 
area of novel physical and (bio) chemical sensing principles, modem 
microsystem technologies and new methods of signal processing and 
conversion. 

The NATO ASI ‘Smart Sensors and MEMS’ has presented the state- 
of-the-art and given an excellent opportunity to provide a systematic, in- 
depth treatment of the new and rapidly developing field of smart sensors 
and MEMS. The ultimate goal of the NATO ASI - to encourage the 
participants from many countries to work together on different smart 
sensors and to develop joint projects in the future has been achieved in 
full. 

In addition to the round table and two panel discussions, the addition 
discussion on ‘Smart Sensor Systems’ has been initiated by lecturers and 
participants and held during the NATO ASI. It has been considered that 
there are a lot of new technologies, suitable for smart sensors creation [2], 
for example, micro- or nano-cantilevers (lecturer P. Datscos, Oak Ridge 
National Laboratory, USA) porous silicon (lecturer U. Mescheder, 
University of Applied Science, Furtwangen, Germany), thick films 
(lecturer V. Ferrari, Universita di Brescia, Italy), resonant piezoelectric 
(lecturer F. Josse, Marquette University, USA), molecular architecture 
and nanotechnologies (lecturer E. Katz, The Hebrew University of 
Jemsalem, Israel) and other modem technologies let to produce different 
sensors classes: physical, chemical and biological. But still there is a 
problem how to joint them and use in a frame of smart sensor systems. 
One of points of view was to use novel frequency-to-digital conversion 
methods and converters (lecturer S. Yurish, International Frequency 
Sensor Association) in order to move from a traditional analog (voltage 
and current) signal domain to frequency-time signal domain. The last one 
lets to eliminate a lot of technical problems due to properties of frequency 
as informative parameters. No output standardization is necessary as in 
the case of analog signal domain. Nevertheless, as mle, the sensitive 
response of many sensors is in m V, it is expediently to use the voltage-to- 
frequency intermediate conversion. In additional such approach will give 
an opportunity to create new self-adaptive smart sensors {S. Yurish). 

New conversion methods and advanced signal processing will play 
role a bridge between many different technologies at smart sensor systems 
design. The best modem approach for smart sensor systems creation is to 
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use both modem technologies and advanced methods for signal 
processing and measurement, especially in the frequency-time signal 
domain. Many type of sensing elements and read-out circuitry can be 
merged by this way on a single chip or in SoC. However, the combination 
of monolithic and hybrid integration with advanced processing and 
conversional methods in many cases allows also to achieve good results. 

Such kind of research has been initiated by International Frequency 
Sensor Association IFSA [3] and now is a hot topic for a big international 
joint research project. 

The aims of this volume are to disseminate wider and in-depth 
theoretical and practical knowledge about smart sensors and its 
applications, to create a clear consciousness about the effectiveness of 
MEMS technologies, advanced signal processing and conversion 
methods, to stimulate the theoretical and applied research in these very 
important areas, and promote the practical using of these techniques in the 
industry. 

The book is an excellent guide for the practicing engineer, the 
researcher and the student interested in this cmcial aspect of actual smart 
sensor design. 
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Chapter 1 

SMART SENSORS FOR ELECTRICAL 
AND NON-ELECLRICAL, PHYSICAL AND 
CHEMICAL VARIABLES: STATE-OF-THE-ART 



Sergey Y. Yurish 

National University Lviv Polytechnic, UA 



Abstract: The chapter gives an overview of industrial types of smart sensors 
(temperature, pressure, rotation speed, optical, humidity, gas, chemical, 
acceleration, biosensors etc.) and contains quasi-digital, smart sensors 
and MEMS definitions. Digital and quasi-digital (frequency and duty- 
cycle output) sensors and transducers are considered. The obvious 
tendency of sensors accuracy increasing up to 0.01 % or better and wide 
conversion frequency range from several hundredth parts of Hz up to 
several MHz are observed. Main advantages of frequency-time domain 
signal as informative parameters for modem smart sensors are 
described. 

Keywords: smart sensor; MEMS; frequency-time domain; digital sensor; quasi- 
digital sensor; transducer; integrated sensor; intelligent sensor; 
parametric sensor; self-generating sensor; modulating sensor, biosensor 



1. INTRODUCTION 

Smart sensors and MEMS are of great interest in many fields of industry, 
eontrol systems, biomedieal applieations, ete. Very fast advanees in IC 
teehnologies have brought new ehallenges in the physieal design of 
integrated sensors and Miero-Eleetrieal-Meehanieal Systems (MEMS). 

Modem mierosystem teehnology (MST) offers new way of eombining 
sensing, signal proeessing and aetuation on a mieroseopie seale and allows 
both traditional and new sensors to be realised for a wide range of 
applieations and operational environments. The term “MEMS” is used in 
different ways: for some, it is equivalent to word “MST”, for others, it 
eomprises only surfaee-mieromeehanieal produets. MEMS in the latter sense 
are seen as an extension to IC teehnology: “an IC chip that provides sensing 
and/or actuation functions in addition to the electronic ones” [1]. The 
definition of a smart sensor is based on [2] and ean be formulated as: “smart 
sensor (or intelligent sensor) is one chip, without external components, 

1 
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including the sensing, interfacing, signal processing and intelligence (self- 
testing, self-identification, self-validation or self-adaptation) functions 

During measurements different kind of measurands are eonverted into 
limited number of output parameters. The meehanieal displaeement was the 
first historieal type of sueh (unified) parameter. The mereury thermometer, 
metal pressure gauge, pointer voltmeter, ete. are based on sueh prineiple [3]. 
Amplitude of eleetrie eurrent or voltage is another type of unified parameter. 
Now almost all properties of substanee and energy ean be eonverted into 
eurrent or voltage with the help of different sensors. All these sensors are 
based on the usage of an amplitude modulation of eleetromagnetie proeesses. 
They are so ealled analog sensors. 

Digital sensors appeared, when a neeessity to input results of 
measurement into eomputer arisen. Aeeording to researehes of International 
Frequeney Sensor Assoeiation (IFSA) the following division of output 
sensor signals is observed today (Figure 1). 



Frequency-Time 

Domain 

20 % 




Figure 1. Classification of in Terms of Output Signals (studied by IFSA, 2003). 



Firstly, the design task of digital sensors was solved by transforming of an 
analog quantity into a digital eode by an analog-to-digital eonverter (ADC). 
The ereation of quasi-digital sensors, in partieular, frequeney sensors, was 
another very promising direetion [3]. Quasi-digital sensors are discrete 
frequency-time domain sensors with frequency, period, duty-cycle, time 
interval, pulse number or phase shift output. Today, group of frequeney 
output sensors is the most numerous among all quasi-digital sensors 
(Figure 2). Sueh sensors eombine a simplieity and universatility that is 
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inherent to analog deviees and aeeuraey and noise immunity, proper to 
sensors with digital output. The further transformation of a frequeney- 
modulated signal was redueed to eounting of periods of a signal during 
referenee time interval (gate). This operation exeeeds in a simplieity and 
aeeuraey all other methods of analog-to-digital eonversion [4]. 




Figure 2. Classification of Sensors from Discrete Group in Terms of Output Signals 

(studied by IFSA, 2003). 



Separate types of frequeney transdueers have been known for many years 
ago. However, the output frequeney of sueh sensors (before digital 
frequeney eounters appeared) was measured by analogue methods and 
eonsequently substantial benefit from the usage of frequeney output sensors 
praetieally has not been aehieved. 

The situation has dramatieally ehanged sinee digital frequeney eounters 
and frequeney output sensors attraeted the inereasing attention. As far baek 
as 1961 professor P.V. Novitskiy wrote: "... In the future we ean expeet, that 
a elass of frequeney sensors will get sueh development, that the number of 
now known frequeney sensors will exeeed the number of now known 
amplitude sensors..." [3]. Although there are frequeney output sensors 
praetieally for any variables, this prognosis has not been fully justified in the 
full beeause of some reasons. 

With appearanee sensor mierosystems and heady development of 
mierosystem teehnologies all over the world, the teehnologieal and eost 
faetors have been modified for the benefit of digital and quasi-digital 
sensors. Modem teehnologies allow to solve rather eomplieated tasks, 
eoneemed with ereation of different sensors. Up to now, however, have still 



4 



Smart Sensors and MEMS 



been some major obstaeles preventing industries from largely exploiting 
sueh sensors in their systems. Most likely, there are only some subjeetive 
reasons: 

• The laeking awareness of the innovation potential of modern methods 
for frequeney-time eonversion in many eompanies, as this proeessing 
teehniques have mainly been developed in Former Soviet Union; 

• Tendeney of the eompanies to return, first of all, major expenditures, 
invested in development of eonventional ADC; 

• Laek of emphasis being plaeed on the business and market benefits 
whieh sueh measuring teehnologies ean bring to eompanies and ete. 

Today situation has ehanged dramatieally. Aeeording to Intechno 
Consulting, the non-military world market for sensors will grow at an annual 
rate of 5.3% to reaeh US $ 42.2 billion. Under very eonservative 
assumptions it is expeeted to reaeh US $ 50-51 billion by 2008; assuming 
more favorable but still realistie eeonomie eonditions, the global sensor 
market volume eould even reaeh US $ 54 billion by 2008. Sensors on 
semieonduetor basis will inerease their market share from 38.9% in 1998 to 
43% in 2008. Strong growth expeeted for sensors based on MEMS- 
teehnologies, smart sensors and sensors with bus eapabilities [5]. Aeeording 
to The Freedonia Group the USA market for sensor produets (sensors, 
transdueers and assoeiated housing) is projeeted to inerease 6.7 % per year 
through 2006 to US $ 13.4 billion. The fastest growths will oeeur in sensors 
based on advaneed, sophistieated teehnology - espeeially MEMS and 
optoeleetronies - and/or used in dynamie applieations sueh as automotive 
telematies and information teehnology. Also holding good prospeets are 
imaging sensors [6]. It is reasonable to expeet that silieon sensors will go on 
to eonquer other markets, sueh as the applianees, teleeommunieations and 
PC market [7]. 



2. SMART SENSOR ARCHITECTURES 
AND DATA ACQUISITION 

The proeessing and interpretation of information arriving form the 
outside are the main tasks of data aequisition systems and measuring 
instruments based on eomputers. Data aequisition and eontrol systems need 
to get real-world signals into the eomputer. These signals eome from a 
diverse range of transdueers and sensors. Aeeording to [8] Data Acquisition 
(DAQ) is collecting and measuring electrical signals from sensors and 
transducers and inputting them to a computer for processing. The further 
proeessing ean inelude the sensors’ eharaeteristie transformation, joint 
proeessing for many parameters as well as statistieal ealeulation of results 
and represent them in a user-friendly manner. 
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According to the output signal, sensors and transducers can be divided 
into potential (amplitude), current, frequency, pulse-time and digital. As a 
result, the task of adequate sensor interfacing with PC arises before 
developers and users of any data acquisition systems. For solution of this 
problem, the special attention must be paid to problems of output conversion 
into a digital format as well as to high accuracy and speed conversion 
methods. 

In general, a sensor is a device, which is designed to acquire information 
from an object and to transform it into an electrical signal. A classical 
integrated sensor can be divided into four parts as it is shown in Figure 3. 
The first block is a sensing element (for example, resistor, capacitor, 
transistor, piezo-electric material, photodiode, resistive bridge, etc.). The 
signal produced from the sensing element itself is often influenced by noise 
or interference. Therefore, signal conditioning and signal processing 
techniques as amplification, linearization, compensation and filtering are 
necessary (second block) to reduce sensor non-idealities. 




Sometimes if some sensing elements are used on the same chip, the 
multiplexer is necessary. In cases of data acquisition, the signal from the 
sensor must be in a serial or parallel digital format. This function can be 
realised by the analog-to-digital or frequency-to-digital converter. The last 
block is a sensor-bus interface. A data acquisition system can have a star 
configuration in which each sensor is connected to a digital multiplexer. 
When using a large number of sensors, the total cable length and the number 
of connection at the multiplexer can become very high. For this reason it is 
much more acceptable to have a bus-organized system which connects all 
data sources and receivers. This bus system handles all data transports and is 
connected to a suitable interface that sends accumulated data to the computer 

[9]. 

Dependent on the smart sensor architecture, various data acquisition 
schemes are possible. In the smart sensor architecture shown in Figure 4, the 
analog output of the sensor element S is at first amplified and corrected for 
offset, non-linearity, etc. Then the voltage-to-frequency conversion takes 
place. The frequency-time domain signal (frequency, period, time interval. 
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duty-cycle, etc.) is converted into digital. The format of the frequency-to- 
digital converter is such that the signal is transferred to the bus system at the 
command of the bus controller. 

In the second example (Figure 5) some sensors elements form a sensors 
array. A single multiplexing circuit feeds signal-conditioned signals from 
sensing elements one after the other into a single frequency-to-digital 
converter and from here, the signals are transferred to the bus. 







Figure 4. Smart Sensor Architecture with Preliminary Correction in Analog Domain 
and Further Conversion into Frequency-Time Signal Domain. 




Figure 5. Architecture of Smart Sensor Array. 



Such a sensor array or a multiparameter sensor can, for example, measure 
different variables like the temperature, the pressure, the humidity, etc. at 
a certain location. 

In the third example of the smart sensor architecture, a sensor element is 
connected via a frequency-to-digital converter to a microcontroller 
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(Figure 6). The mieroeontroller ean store the sensor’s eharaeteristie data in 
its internal ROM and, based on this information and the sensor signal, the 
mieroeontroller transfers the eorreeted signal to the bus. A very useful 
feature of sueh a smart sensor arehiteeture is that the mieroeontroller also 
permits the eentral eomputer to send data baek to the sensor, whieh ean be 
used to ehange the measuring range, to exert a reealibration or to adjust the 
offset. 




Figure 6. Smart Sensor Architecture with Microcontroller. 



The mieroeontroller ean itself realize the frequeney-to-digital eonversion 
with the help of eo-ealled program-oriented frequeney-to-digital eonversion 
methods. In this ease, the smart sensor arehiteeture beeomes simpler 
(Figure 7). 




Figure 7. Smart Sensor with Program-Oriented Frequency-to-Digital Conversion. 



A mieroeontroller is typieally used for digital signal proeessing (for 
example, digital fdtering), analog-to-digital or frequeney-to-digital 
eonversions, ealeulations and interfaeing funetions. Mieroeontrollers ean be 
very well eombined or equipped with standard interfaee eireuits. Many 
mieroeontrollers inelude the two-wire I^C bus interfaee, whieh is suited for 
eommunieation over short distanees (several meters) [10] or the serial 
interfaee RS-232/485 for eommunieation over relatively long distanee. 

However, the essential differenee of the smart sensor from the usual 
integrated sensor with embedded data proeessing eireuitry is intelligenee 
eapabilities (self-diagnosties, self-identifieation or self-adaptation (deeision- 
making)) funetions. As a rule, these funetions are implemented due to a 
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built-in microcontroller (microcontroller core ("microcontroller like" ASIC) 
or Application Specific Instruction Processor (ASIP)) or DSP. New 
functions and a possibility to modify sensor’s performances are main 
advantages of such a smart sensor. Due to a smart sensor adaptability the 
measuring process can be optimized for maximum accuracy, speed and 
power consumption. Sometimes “smart sensors” are called “intelligent 
transducers”. 

The smart sensor architecture (Figure 7) is used with the aim to realize 
such a property of smart sensors as self-adaptation when dependent on 
measuring conditions or measurands the parameters of the method for 
frequency-to-digital conversion will be varied, for example, conversion time 
or accuracy of measurements. 

In such a subsystem with the bus architecture of each sensor or a group of 
sensors can also contain a circuit, which can recognize addresses, this means 
the circuit can detect, when the communication between the sensor and the 
central computer is desired. 

For many years, most of the described components of a bus system were 
separated and had their own housing. However, more recent developments 
have enabled the components indicated by the dashed lines in Figure 4-7 to 
be integrated into a single chip by implementation of standard 
microelectronics library cells. 

These typical considered smart sensor architectures are used for creation 
of digital output smart sensors. Data transmission in the digital form 
excludes the inphase interference and the voltaic coupling of sensor's output 
with the computer can be provided if it will be necessary. Instead of buses, 
the binary encoded information can be transmitted into a parallel or a serial 
port. When parallel data transmission is feasible, the pulses representing the 
information arrive simultaneously at the central computer input making fast 
data transfer possible. However, in most cases the distance between the 
sensor and the computer is too far to permit the parallel data transfer and 
here the serial data transmission is required. The main advantage of such an 
approach is, that for its realization it is not necessary to use any additional 
computer boards and specialized software drivers. All connections are 
external and drivers are standard. External connection provides an additional 
coupling in comparison with the usual data acquisition system with the bus 
connection. As the cost of microcontroller continues to decrease, having 
microcontroller at each measurement location will become affordable. In the 
future, a lot of different signal processing circuits can be integrated into the 
sensor ship. This approach is the next step to much wider distribution of 
intelligence. From Figures 4-7 the most important elements of a bus-oriented 
data-acquisition system can be deducted. It can be expected that starting with 
large data acquisition systems, the analogue data transfer will gradually be 
replaced by digital systems. 
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3. SMART SENSORS: TECHNOLOGIES, INEORMATIVE 
PARAMETERS AND PROPERTIES 

At present, a lot of different types of sensors are available. Rapid 
advaneement of the standard proeess for VLSI design, silieon 
mieromaehining and fabrieation provide the teehnologieal basis for the 
realization of sueh a type of sensors, opens an avenue that ean lead to eustom 
integrated sensors to meet the new demands in performanee, size and eost. 
This suggests a smooth merging of the sensor and eleetronies and the 
fabrieation of eomplete data aequisition systems on a single silieon ehip. The 
essential issue is rather the fabrieation eompatibility of the sensor, sensor- 
related analogue mieroeleetronie eireuits and digital interfaee eireuits [11], 
In faet, for any type of a silieon sensing element and read-out eireuitry, a 
proeess ean be developed to merge them on a single ehip. However, proeess 
development is very expensive and therefore only a huge produetion volume 
will pay off the development eost. Sueeessful integrated-sensor proeesses 
must have an aeeeptable eomplexity and/or applieability for a wide range of 
sensors [12]. MEMS teehnologies allow to miniaturize sensors and, at the 
same time, to integrate their sensor elements with mieroeleetronie fimetions 
in minimal spaee. Only MEMS teehnologies make it possible to mass- 
produee sensors with inereasing eost-effeetiveness while improving their 
funetionality and miniaturizing them. 

Of eourse, the implementation of the mieroeontroller in one-ehip together 
with sensing the element and signal eonditioning eireuitry is an elegant and 
rather preferable engineering solution by ereation of modern integrated smart 
silieon sensors. However, the eombination of the monolithie and hybrid 
integration with advaneed proeessing and eonversional methods in many 
eases allows to aehieve magnifieent teehnieal and metrologieal performanees 
for the shorter time-to-market period without additional expenditures for 
expensive CAD tools and the long-time smart sensor design proeess. By 
implementation of smart sensors with hybrid-integrated proeessing 
eleetronies the hardware minimization is a neeessary eondition to reaeh the 
reasonable priee and high reliability. In this ease, we have the so-ealled 
“hybrid smart sensor” in whieh a sensing element and an eleetronie eireuit 
are plaeed in the same housing. 

Frequeney-time domain sensors are rather interesting from a 
teehnologieal and fabrieation eompatibility point of view, the simplifieations 
of the signal eonditioning eireuitry and measurand-to-digital eonverter, as 
well as metrology performanees and the hardware for realization. The last 
one essentially influenees the ehip area. Sueh sensors are based on resonant 
phenomena and variable oseillators, whose information is embedded not in 
the amplitude but in the frequeney or the time parameter of the output signal. 
First of all these are sensors with the frequeney (fj, the period (T^ = 1/fx), the 
pulse width (tp), the spaeing interval (ts), the duty-eyele (tp/Tx), the on-line 
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time ratio or the off-duty faetor (TJtp), the pulse number (N), the phase shift 
( (px) or the single time interval ( t) output. These informative parameters are 
shown in Figure 8. Beeause of sueh parameters used as informative ones 
with properties of analogue and digital signals simultaneously, these sensors 
have been ealled "quasi-digital". Frequeney output sensors group is the most 
numerous among all quasi-digital sensors (Figure 2). Let us eonsider main 
advantages of the frequeney as the informative sensor’s output signals. 




Figure 8. Frequency-Time Domain Sensor Informative Parameters. 



• High noise immunity. In frequeney sensors, the key opportunity to 
reaeh a high aeeuraey in eomparison with the analog sensors with 
analog-to-digital eonversion is greeted. This objeetive property of the 
high noise immunity proper to a frequeney modulation is apparently, the 
prineipal premise perspeetive of frequeney sensors in eomparison with 
analog ones. The frequeney signal ean be transmitted by eommunieation 
lines for the too mueh greater distanee than analog and digital signals. 
The signal transmitted by the frequeney way praetieally represents a 
serial digital signal. Thus, all advantages of digital systems are shown on 
it. Alongside with it, only the two-wire line is neeessary for transmission 
of sueh a signal. In eomparison with the usual serial digital data 
transmitting it has the advantage of not requiring of any synehronization. 
A frequeney signal is ideal for high noise industrial environments. 

• High output signal power. The sensor’s signal ean be grouped into six 
energy domains: eleetrieal, thermal, meehanieal, ehemieal, radiant and 
magnetie. Eleetrieal signals are eurrently the most preferred signal form. 
Therefore, the sensor design is foeused on developing of transdueers that 
eonvert the signal from one or the other energy domain into a quantity in 
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the electrical domain. From the power point of view, the section from a 
sensor output up to an amplifier input is the heaviest section in a 
measuring channel for signal transmitting. Here the signal is transmitted 
by a very small level of energy. The losses, originating in this section 
can not be filled any more by any signal processing. Output powers of 
frequency sensors are, as a rule, considerably higher. In this case, the 
power affecting the generated frequency stability is the oscillation 
(reactive) power of the oscillating loop circuit and by a higher quality- 
factor of the oscillating loop its power is higher. 

• Wide dynamic range. Since the signal is in the form of the frequency, 
the dynamic range is not limited by the supply voltage and noise. The 
dynamic range of over 1 00 dB may be easily obtained. 

• High accuracy of frequency standards. The frequency reference, for 
example, crystal oscillators, can be made more stable, than the voltage 
reference. It is possible to explain it with the help of the same objective 
differences of information properties of amplitude modulated and 
frequency modulated signals. 

• Simplicity of commutation and interfacing. Parasitic emf, transient 
resistances and cross-feed of channels in analog multiplexer by the usage 
of analog sensors are reduced to the occurrence of complementary 
errors. The frequency-modulated signal is not sensitive to all listed 
above factors. Multiplexers for frequency sensors and transducers are 
simple enough and do not introduce any errors into observed results. 

• Simplicity of integration and coding. The precise integration in time of 
frequency sensor's output signal can be realized simply enough. The 
adding pulse counter is an ideal integrator with unlimited time of 
measurement. The frequency signal can be processed by 
microcontrollers without any additional interface circuitry. 

All this makes the design and usage of different frequency-time domain 
smart sensors very efficient. 

The most important properties of smart sensors have been well described 
in [9]. Here we will briefly describe only basic focus points for an intelligent 
frequency-time domain smart sensors design. 

Adaptability. A smart sensor should be adaptive in order to optimize the 
measuring process. For example, depending on measuring conditions, it is 
preferable to have an opportunity to exchange measurement accuracy for 
speed and conversely, and also to moderate power consumption, when the 
high speed and accuracy are not required. It is desirable also to have an 
opportunity to adjust a clock crystal oscillator frequency depending on the 
environment temperature. The last opportunity also essentially influences the 
following focus point - the accuracy. 

Accuracy. The measuring error should be programmable. The self- 
calibration will allow to reduce the systematic error, caused, for example, by 
the inaccuracy of the system parameters. The usage of statistical algorithms 
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and composited algorithms of the weight average would allow to reduce 
random errors caused, for instance, by interference, noise and instability. 

Reliability. It is one of the most important requirements especially in 
industrial applications. Self-diagnostics is used to check the performance of 
the system and the connection of the sensor wires. 

For the subject analyses of modem state in the quasi-digital smart sensor 
area, it is expedient to use the following classification. Depending on 
conversion of the primary information into frequency, all sensors are divided 
into three groups: sensors with measurand-to-frequency conversion, with 
measurand-to-voltage-to-frequency conversion and with measurand-to- 
parameter-to-frequency conversion. 

I. Sensors with x (t) — > F (t) conversion. These are sensors that, due to 
the underlying principle, themselves generate a frequency output. Electronic 
circuitry might be needed for the amplification of the impedance matching, 
but it is not needed for the frequency conversion step itself. The obtaining of 
measuring information like the frequency or the frequency-pulse form is 
most simply reached in inductive, photoimpulse, string, acoustic and 
scintillation sensors, since its principle of operation allows to realise the 
direct conversion x(t) F(t). One group of such sensors is based on 
resonant stmctures (piezoelectric quartz resonators, SAW (surface acoustic 
wave) dual-line oscillators, etc.) whereas another group is based on the 
periodic geometrical stmcture of the sensors, for example, angle encoders. 

II. Sensors with x (t) — > V (t) — > F (t) conversion. This group is rather 
numerous in number of different electric circuits. These are Hall sensors, 
thermocouple sensors and photosensors based on valve photoelectric cells. 
When a frequency output is required, a simple voltage-to-frequency or 
current-to-frequency conversion circuit can be applied to obtain the desired 
result. 

III. Sensors with x (t) — > P (t) — > F (t) conversion. The sensors of this 
group are rather manifold and numerous. These are the so-called electronic- 
oscillator based sensors. Such sensors are based on the usage of electronic 
oscillators in which the sensor element itself is the frequency-determining 
element. These are, first of all, inductive, capacity and ohmic parametric 
(modulating) sensors. 

Parametric (modulating) sensors are devices producing the primary 
information by the way of respective alterations of any electrical parameter 
of some electrical circuit (inductance, capacity, resistance, etc.), for 
measuring of which it is necessary to have an external auxiliary power 
supply. Examples of such types of sensors are pressure sensors based on the 
piezoresistive effect and photodetectors based on the photoelectric effect. 

In turn, self-generating sensors are devices permitting to receive a signal 
immediately by the way of a current i(t) or voltage V(t) and not requiring any 
source of power other than the signal being measured. Examples of such 
types of sensors are Seebeck effect based thermocouples and photo effect 




Sergey Y. Yurish 



13 



based solar cells. Self-generating sensors are also called in literature “active” 
sensors, while modulating sensors are called “passive” sensors. 

The signal power of modulating sensors is the largest and, therefore, from 
the noise-reduction point of view their usage is recommended. 

The distinctiveness of these three sensor groups is the absence of 
conventional ADC. With the aim to design digital output smart sensors in 
this case, it is expedient to use a microcontroller for the frequency- to-digital 
conversion. The production of such smart sensors does not require extra 
technological steps. Moreover, modern CAD tools contain microcontroller 
cores and peripheral devices as well as voltage-to-frequency converters 
(VFC) in the library of standard cells. So, for example. Mentor Graphic 
CAD tool includes different kinds of VFC like AD537/650/652, CAD tool 
from Protel includes a lot of library cells of different Burr-Brown ’s VFC. 

In comparison with the data capturing method using traditional Analog- 
to-Digital Converters (ADC), the data capturing method using VFC has the 
following advantages [13]: 

• Simple, low-cost alternative to the A/D conversion; 

• Integrating input properties, excellent accuracy and low non-linearity 
provide performance attributes unattainable with other converter types, 
make VFC ideal for high noise industrial environments; 

• Like a dual-slope A/D converter, the VFC possesses a true integrating 
input and features the best, much better than a dual-slope converter, 
noise immunity. It is especially important in the industrial measurement 
and data acquisition systems. While a successive approximation A/D 
converter takes a “snapshot” in time, making it susceptible to noise 
peaks, the VFC’s input is constantly integrating, smoothing the effects of 
noise or varying input signals; 

• It has the universality. First, it is the user-selected voltage input range 
(± Supply). Second - it is the high accuracy of the Ifequency-to-digital 
conversion (up to 0.001 %). The error of such conversion can be 
neglected in a measuring channel. This is not true for traditional analog- 
to-digital conversion. The ADC error is commensurable with sensor’s 
error, especially if we use the modern high precision sensors with 
relative error up to (0.01 %). 

• When the data capturing method with the voltage-to-frequency converter 
is used, a frequency measurement technique must also be chosen which 
meets the conversion speed requirements. While it is clearly not a “fast” 
converter in a common case, the conversion speed of a VFC system can 
be optimized by using efficient techniques. Such optimization can be 
performed due to advanced methods of frequency-to-digital conversion, 
quasi pipeline data processing in a microcontroller and the usage of 
novel architectures of VFC. 

Pointing on well-known advantages of frequency sensors, it is necessary 
to mark, that the number of physical phenomena, on the basis of which the 
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sensors with frequency and digital outputs can be designed, is essentially 
limited. Therefore, now analog sensors with current and voltage outputs 
have received broad dissemination. On the one hand, it happens because of 
high technological working off analog sensor units, and also because of 
heady development of the analog-to-digital conversion in the last years. On 
the other hand, voltage and current are used rather widely as unified standard 
signals in many measuring and control systems. 

By the choice of those or other sensors the important role is played by the 
technological and cost factors. Therefore, the common statements, what 
sensors are the best - frequency or analog - disregarding concrete conditions 
of the usage, are not correct enough. With the appearance for the last years 
of sensor microsystems and the heady development of microsystem 
technologies all over the world, the technological and cost factors were 
modified for the benefit of frequency sensors. 

Sensor types with the highest demand volumes are temperature sensors, 
pressure sensors, flow sensors, binary position sensors (proximity switches, 
light barriers, reflectortype photosensors), position sensors, chemical sensors 
for measurement in liquids and gases, filling sensors, speed and rpm-sensors, 
flue gas sensors and fire detectors worldwide. The fastest growing types of 
sensors include rain sensors, thickness sensors, sensors that measure the 
quality of liquids, navigation sensors, tilt sensors, photodetectors, glass 
breakage sensors, biosensors, magnetic field sensors, and motion detectors 
[5]. 

The part of the frequency-time domain sensor group is constantly 
increasing. At first, it is connected with the fast development of modern 
microelectronic technologies, secondly with the further development of 
methods of measurement for frequency domain parameters of signals and 
methods for frequency-to-digital conversion, and thirdly, with advantages of 
frequency as the informative parameter of sensors and transducers. Today it 
is difficult to find physical or chemical variables, for which the frequency 
output or digital sensors do not exist. It is naturally, this book does not claim 
for the scale completeness of the description of all existing sensors and their 
principles of operation. To the readers wishing to acquaint with smart 
sensors development history we would like to recommend the article [7]. 



4. SMART SENSORS STATE-OF-THE-ART 

This review is made with the aim to illustrate frequency-time domain IC 
sensors state-of-the-art by the original solutions with high metrology 
performances, and also to formulate the basic requirements for such an 
important smart sensor's part, as the frequency-to-digital converter. 

Frequency-time domain sensors can be grouped in several different ways. 
We will group them according to the measurand domains of the desired 
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information. There are six signal domains with the most important physieal 
parameters, shown on Figure 9. Eleetrieal parameters usually represent a 
signal from one of the non-eleetrieal signal domains. 



Radiant 




Mechanical 



Thermal 



Electrical 



Figure 9. Sensor Classifications. 



4.1 Temperature Sensors 

Temperature is one of the most widely measured variables in industrial, 
eonsumer, and eomputer applieations. It is an analog quantity, but digital 
systems often use temperature to implement measurement, eontrol, and 
proteetion funetions. In most applieations in whieh temperature is measured, 
the measured value must be eonverted from analog to digital form. There is 
now a broad seleetion of digital and quasi-digital sensor types, whieh should 
mateh system's needs. 

Four temperature sensor types (analog, digital, “analog plus” and system 
monitor are deseribed in [16]. An ideal analog sensor provides an output 
voltage that is a perfeetly linear funetion of temperature. In the digital I/O 
elass of sensor, temperature data in the form of multiple Is and Os are passed 
to the mieroeontroller, often via a serial bus. Along the same bus, data are 
sent to the temperature sensor from the mieroeontroller, usually to set the 
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temperature limit at whieh the alert pin's digital output will trip. The alert 
interrupts the mieroeontroller when the temperature limit has been exeeeded. 

"Analog Plus" sensors are available with various types of digital outputs. 
The VouT vs. temperature eurve is for an IC whose digital output switehes 
when a speeifie temperature has been exeeeded. In this ease, the "plus" 
added to the analog temperature sensor is nothing more than a eomparator 
and a voltage referenee. Other types of "plus" parts ship temperature data in 
the form of the delay time after the part has been strobed, or in the form of 
the frequeney or the period of a square wave. 

Digital sensors inelude a digital interfaee that permits eommunieation 
with a mieroeontroller. The interfaee is usually an I^C or SMBus serial bus, 
but other serial interfaees sueh as SPI are eommon. In addition to reporting 
temperature readings to the mieroeontroller, the interfaee also reeeives 
instruetions from the mieroeontroller. Those instruetions are often 
temperature limits, whieh, if exeeeded, aetivate a digital signal on the 
temperature sensor IC that interrupts the mieroeontroller. The 
mieroeontroller is then able to adjust fan speed or baek off the speed of a 
mieroproeessor, for example, to keep temperature under eontrol [ 16 ]. 

This type of deviee is available with a wide variety of features, among 
them, remote temperature sensing. To enable remote sensing, most high- 
performanee CPUs inelude an on-ehip transistor that provides a voltage 
analog of the temperature. (Only one of the transistor's two p-n junetions is 
used.) Other applieations use a diserete transistor to perform the same 
funetion. Another important “smart” feature found on some of these types of 
sensors is the ability to interrupt a mieroeontroller when the measured 
temperature falls outside a range bounded by high and low limits. On other 
sensors, an interrupt is generated when the measured temperature exeeeds 
either a high or a low temperature threshold. These limits are transmitted to 
the temperature sensor via the SMBus interfaee. If the temperature moves 
above or below the eireumseribed range, the alert signal interrupts the 
proeessor. 

This digital I/O elass of deviees finds widespread use in servers, battery 
paeks, and hard disk drives. Temperature is monitored in numerous loeations 
to inerease a server's reliability: at the motherboard (whieh is essentially the 
ambient temperature inside the ehassis), inside the CPU die, and at other 
heat-generating eomponents sueh as graphies aeeelerators and hard-disk 
drives. Battery paeks ineorporate temperature sensors for safety reasons and 
to optimize eharging profiles, whieh maximizes battery life. 

The system monitor is the most eomplex IC of the four. In addition to the 
funetions provided by the digital I/O type, this type of deviee eommonly 
monitors the system supply voltages, providing an alarm when voltages rise 
above or sink below limits set via the I/O bus. Fan monitoring and/or eontrol 
are sometimes ineluded in this type of IC. In some eases, this elass of deviee 
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is used to determine whether a fan is working. More eomplex versions 
eontrol the fan as a funetion of one or more measured temperatures [16]. 

Reading temperature with a mieroeontroller is simple in eoneept. The 
mieroeontroller reads the output eode of an analog-to-digital eonverter 
(ADC) driven by a thermistor-resistor voltage divider, analog-output 
temperature sensor, or other analog temperature sensor. The ADC built into 
some eontrollers ean simplify this design. ADCs require a referenee voltage, 
whieh ean be generated by an external deviee. For example, the referenee 
voltage for a thermistor sensor is usually the same as that applied to the top 
of the resistor-thermistor voltage divider. However, the following 
eomplieations ean arise in these systems: the sensor's output-voltage range is 
signifieantly smaller than the ADC's input-voltage range; limited number of 
ADC and/or mieroeontroller’ s pins; ete. 

The design problems are simplified by usage a temperature sensor with a 
digital interfaee. Similarly, temperature sensors with time- or frequeney- 
based outputs ean alleviate the measurement problem when ADC’s inputs 
and mieroeontroller’ s I/O pins are in short supply. 

Temperature sensors play an important role in many measurements and 
other integrated mierosystems, for example, for biomedieal applieations or 
self-eheeking systems and the design for the thermal testability (DfTT). 1C 
temperature sensors take advantage of the variable resistanee properties of 
semieonduetor materials. They provide the good linear frequeney, the duty- 
eyele or the pulse width output proportional with the temperature typieally in 
range from -55 °C to +150 °C at the low eost. These deviees ean provide the 
direet temperature reading in a digital form, thus eliminating the need for an 
A/D eonverter. Beeause 1C sensors ean have a memory, they ean be very 
aeeurately ealibrated, and may operate in multisensor environments in 
applieations sueh as eommunieations networks. Many 1C sensors also offer 
eommunieation protoeols for the use with bus-type data aequisition systems; 
some also have addressability and the data storage and retrieval eapabilities. 

Smart temperature sensors need to be provided with some kind of the 
output digital signal adapted to mieroproeessors and digital proeessing 
systems. This signal ean be a time-signal type, where the measurement is 
represented by the duty-eyele or the frequeney ratio, or the fully digital eode 
that is sent to the proeessor in a serial way through the digital bus [15]. Some 
important restraints, eaused by the integration of sensing and digital 
proeessing funetion on the same ehip are [17] (a) the limited ehip area, 
(b) the toleranees of the deviee parameters and (e) the digital interferenee. 

Sinee CMOS is still the most extensively used teehnology the integration 
of temperature sensors in high-performanee low-eost digital CMOS 
teehnologies is preferred in order to allow signal eonditioning and digital 
proeessing on the same ehip [14]. 

In the framework of the COPERNICUS EC projeet CP0922, 1995-1998, 
THERMINIC (THermal INvestigations of ICs and Mierostruetures), the 
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research group from Technical University of Budapest has dealt for several 
years with the design problem of small-size temperature sensors that must be 
built into the chip for thermal monitoring [18-21]. One of such sensors is 
based on a current-to-frequency converter [18, 19]. The analog signal of the 
current output CMOS sensor is converted into a quasi-digital one using a 
current-to-frequency converter. The block diagram of the frequency output 
sensor is shown on Figure 10. The lom output current and its “copy” 
generated by a current mirror charge and discharge the capacitor C^. The 
signal of the capacitor is led to a differential comparator the reference 
voltage of which is switched between the levels Vc and Vd [19]. The 
resulting frequency is 




l = 5...15^A f = 0.5 ...1.5 MHz 



Figure 10. Temperature Frequency Output Sensor. 



The sensitivity is -0.808% / °C. The output frequency 0.5 ^1.3 MHz is in 
the convenient range. The complete circuit requires only an area of 
0.018 mm^ using the ECPD 1 pm CMOS process. The low sensitivity on the 
supply voltage is a remarkable feature: ± 0.25 V charge in Vdd results only 
in ± 0.28 % charge in the frequency. The latter corresponds to the 
± 0.35 °C error. The total power consumption of this sensor is about 
200 pW [20]. 

The characteristic of this sensor is quite linear and the output frequency 
of these sensors can be approximately written as 

fout “ f20Cels ^^P(Y(Tcels “ ^0 C)), (2) 

in the -50 ... + 120 °C temperature range, where yis the sensitivity, is 
the nominal frequency related to T=20 °C. Using the AMS 0.8 pm process, 
the area consumption is 0.005 mm^ [21]. The THSENS-F [22] sensor 
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characteristic is shown in Figure 11. This sensor can be inserted into CMOS 
designs, which can be transferred and re-used as cell (layout level) entities or 
as circuit netlists with transistor sizes. The sensor’s sensitivity is 
» -0.8 % / °C; the temperature range is -50 ... -1-150 °C; the accuracy is 
» ± 2°C for (0. . . 120 **C). Two last parameters depend on the process. 




Figure 11. Sensor Characteristic (Output Frequency vs. Temperature). 

If temperature sensors described above are inserted into a chip design, 
additional circuitry must be implemented in order to provide the access to 
such sensors [21]. Built-in temperature sensors can be combined with other 
built-in test circuitry. The boundary scan architecture [23] is suitable for 
monitoring temperature sensors. This architecture has led to the standard 
IEEE 1149.1 and is well suitable for incorporating frequency output 
temperature sensors. The end user has to encapsulate the prototype thermal 
measurement chips (TMC-s) into the package that has to be characterized by 
thermal measurements. The TMC9 and TMC81 chips are based on the same 
basic cell that is mainly covered by dissipating resistors and also contains a 
CMOS frequency output temperature sensor. These basic cells are organized 
into arrays of different size. Control of measurements is provided via a 
digital interface or standard boundary scan interface providing a digital read- 
out of measured temperature values. The TMC81 layout is shown in 
Figure 12. 

Another interesting fully-CMOS temperature sensor designed by this 
research team is based on the temperature dependence of the internal thermal 
diffusion constant of the silicon. In order to measure this diffusion constant 
an oscillating circuit is used in which the frequency-determining element is 
realized by a thermal delay line. The temperature difference sensors used in 
this delay line are the Si-Al thermopiles. This circuit is the Thermal- 
Feedback Oscillator (TFO). The frequency of this oscillator is directly 
related to the thermal diffusion constant and thus to the temperature. This 
constant can be defined as 
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Dth-Vc, (3) 

where A. is the thermal eonduetivity and c is the unit-volume heat 
eapaeitanee. This diffusion eonstant shows a reasonably large (-0.57 % / **C) 
temperature dependenee in the silieon. In order to measure this diffusion 
eonstant the oseillating eireuits were used in whieh the frequeney- 
determining feedbaek element is realized by a thermal time-delay line. If the 
feedbaek element is a thermal two-port (thermal delay line) then the 
frequeney of the oseillator is direetly related to the thermal diffusion 
eonstant and thus shows similar temperature dependenee as the thermal 
diffusion eonstant [18]. 




Figure 12. TMC81 Chip Layout (Reproduced from http://www.micred.com). 



The thermal delay line requires, however, a signifieant power input. 
Beeause of this disadvantage, the eireuit is not really suitable for on-line 
monitoring purposes [19]. However, these sensors and the sensor prineipal 
ean probably be used for other applieations. 

Among a lot of temperature sensors it is neeessary to mark the low power 
eonsumption smart temperature sensor SMT 160-30 from Smartec (The 
Netherlands) [24]. It is a three terminal full silieon integrated temperature 
sensor, with a duty-eyele output. Two terminals are used for the power 
supply of 5 V and the third terminal earries the output signal. A duty eyele 
modulated output is used beeause this output is interpretable by a 
mieroproeessor without AD eonverter, while the analogue information is still 
available. The duty eyele of the output signal is linearly related to the 
temperature aeeording to the equation: 

D.C. = ^ = t • f = 0.320 + 0.00470 ■ t, 

rp p Z 7 



( 4 ) 
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where tp is the pulse duration; is the period; f,: is the frequeney; t is the 
temperature in °C. This sensor is ealibrated during the test and bum-in of the 
ehip. The sensor eharaeteristie is shown on Figure 13. 
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Figure 13. SMT 160-30 Sensor Characteristic (Temperature vs. Duty-cycle). 



If the output signal is measured with an analogue deviee, the temperature 
ean be obtained as well. The mean voltage (and the RMS value as well) is 
direetly proportional to the duty eyele and the supply voltage. So Vou/Vdd 
represents tp/T^ just as well. In this way the temperature ean be measured in 
an analogue way as well as digitally equally simple and aeeurate. 

The SMT160-30 (T018 model) has an overall aeeuraey of ± 0.7 °C in the 
range from -30 °C to +100 °C and an aeeuraey of 1.2 °C from -45 to 
+130°C. This makes the sensor espeeially useful in all applieations where 
"human" (elimate eontrol, food proeessing ete.) eonditions are to be 
eontrolled. The relative error is 0.47 %, the frequeney range is 1 ^ 4 kHz. 

The one wire CMOS output of the sensor ean be eonneeted to all kinds of 
mieroeontrollers and handle eable length up to 20 meters. This makes the 
SMT 160-30 very useful in remote sensing and eontrol applieations. 

This smart temperature sensor represents a signifieant totally new 
development in the transdueer teehnology. Its novel on-ehip interfaee meets 
the progressively stringent demands of both the eonsumer and industrial 
eleetronies seetors for a temperature sensor direetly eonneetable to the 
mieroproeessor input and thus eapable of direet and reliable eommunieation 
with mieroproeessors. 

In applieation where more sensors are used, easy multiplexing ean be 
obtained by using more mieroproeessor inputs or by using simple and eheap 
digital multiplexers. 

The next speeialized temperature sensor is interesting due to the high 
metrology performanees and, first of all, its high aeeuraey. It is the SBE 3F 
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temperature sensor with the initial aeeuraey of 0.001 and typieal stable to 
0.002 °C per year [25]. It is used for eustom oeeanographie profding systems 
or for high-aeeuraey industrial and environmental temperature -monitoring 
applieations. Depth ratings to 6 800 and 10 500 meters (22 300 and 
34 400 ft) are offered to suit different applieation requirements. 

The sensing element is a glass-eoated thermistor bead, pressure -proteeted 
in a thin- walled 0.8 mm diameter stainless steel tube. Exponentially related 
to the temperature, the thermistor resistanee is the eontrolling element in the 
optimized Wien Bridge oseillator eireuit. The resulting sensor frequeney is 
inversely proportional to the square root of the thermistor resistanee and 
ranges from approximately 2 to 6 kHz, eorresponding to temperatures from 
-5 to +35 °C. 

Speaking about digital and quasi-digital output IC and smart temperature 
sensors it is neeessary to mention interesting developments of sueh 
eompanies as Analog Devices, Dallas Semiconductor, National 
Semiconductor, Maxim, Texas Instruments and some others. 

The TMP03/TMP04 are monolithie temperature sensors from Analog 
Devices [26] that generate a modulated serial digital output that varies in the 
direet proportion to the temperature of the deviee. The TMP03 is a eomplete 
temperature data-aequisition system on a monolithie silieon ehip. Ineluding a 
silieon-based sensor, internal voltage referenee, and sigma-delta A/D 
eonverter, it fits in a 3-pin (power, eommon, and output) TO-92 transistor 
paekage. Its digital output is a low-frequeney variable-duty-eyele serial data 
stream, available at an open eolleetor with 5-mA sink-eurrent available. A 
eompanion produet, the TMP04, is identieal but has a CMOS/TTL- 
eompatible output. The quieseent power requirement is a modest 1.3 mA at 
+5 V (4.5 to 7V range). 

The TMP03's digital output allows multi-ehannel systems to be 
eonstrueted easily (additional sensors share a single-ehannel low-eost 
digitally-multiplexed deeoder). 

Typieal applieations of the TMP03 inelude isolated sensors, 
environmental eontrol systems, eomputer thermal monitoring, thermal 
proteetion, industrial proeess eontrol, and power-system monitors. 

Analog Devices bandgap referenees generate both a eonstant voltage and 
a PTAT (proportional to absolute temperature) voltage. In the TMP03, these 
are applied as inputs to a first-order sigma-delta modulator. The deviee 
output is a 35-Hz (nominal) aeeurately mark-spaee-modulated digital signal 
that is insensitive to frequeney. The TTL/CMOS eompatible output allows 
the TMP03 to interfaee direetly to standard logie. 

Thus the TMP03 and TMP04 are well suited to interfaee direetly to a 
mieroeontroller timer/eounter input port and programmable logie arrays. The 
TMP04 provides a high-output-eurrent logie output eapable of driving a load 
eapaeitanee of 1000 pF with minimal loss of switehing-edge definition. 
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Since it is completely self-contained, the TMP03/TMP04 has 
specifications that are close to the final system specifications. A single 
temperature accuracy specification for the TMP03/04 combines errors due to 
the sensor's transfer function, signal conditioning and conversion. Typical 
accuracy (-25 to -l-100°C) is to within 1.5% (4% max), with non-linearity of 
0.5°C and power supply sensitivity of 0.7°C/V (1.2°C/V max). The device's 
operating temperature range is -55°C to -l-150°C. 

The digital output format of the TMP03/04 design allows this 
temperature transducer to be located away from the host computer system 
without degrading system accuracy; and the 35-Hz low-frequency output 
further insures data integrity over long distances. Cable capacitance between 
the TMP03 and its host computer will of course round the rising and falling 
edges of the square-wave output, but delays of the order of microseconds 
add negligible error relative to a 29-ms clock period. In most applications, 
temperature is a slowly changing variable, and a 35-Hz carrier has little 
effect on the measurement dynamic accuracy. 

If a 1 00° higher output frequency, say 3 kHz, had been chosen, the output 
circuitry would need to drive high currents into the load capacitance to keep 
the logic transitions acceptably short; a 1-ms asymmetry between the rise 
and fall times would have added about 1°C error. High output current 
requirements also increase the required supply current. An alternative 
solution for high frequency, low-level transducer output: i.e., adding a local 
RS-232 (or RS-485) interface to drive a long cable again increases the 
remotely supplied current required. 

The TMP03 sensor uses mark-space ratio modulation, embodying the 
relationships 



T„pc=235-A.400 

T„„=455-A.720, (6) 

Where T(H) and T(L) are the high and low periods of the square-wave 
output. 

With the basic TMP03 sensor error specs, errors introduced in measuring 
T(H) and T(L) are the only other parameters needed to determine system 
accuracy. For example, if T(H) and T(L) are measured using a 125 kHz 
clock frequency and 12-bit counters, gated by the edges of the square-wave 
output, the quantization error is less than 0.5°F.T(H) and T(L) may be 
conveniently measured using discrete counters, programmable logic arrays, 
or from a microprocessor with an on-board timer/counter port. If absolute 
temperature is required, it can be calculated using a microprocessor or PC. 
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Digital output temperature sensors from Analog Devices are addueed in 
Table 1 The AD7818 (single-ehannel) and AD7817 (4-ehannel) [26] are on- 
ehip temperature sensors with 10-bit, single and four ehannel A/D 
eonverters. These deviees eontain an 8 ms sueeessive-approximation 
eonverter based around a eapaeitor DAC, an on-ehip temperature sensor with 
the aeeuraey of ± 1°C, an on-ehip eloek oseillator, inherent traek-and-hold 
funetionality and an on-ehip referenee (2.5 V ± 0.1%). 



Table 1. Digital Temperature Sensors from Analog Devices. 



Model 


Description 


Interface 


# ADC 
Channel 


Accuracy 


Temperature 

Range 


AD7416 


10-bit TDC + 
prog. OTI 


kc 


None 


±2°C 


-55°C to 125°C 


AD7417 


AD74 16+4 ADC 
input channels 


kc 


4 


±2°C 


-55°C to 125°C 


AD7418 


AD7416+1 ADC 
input channel 


kc 


1 


±2°C 


-55°C to 125°C 


AD7816 


SPI version of 
AD7416 


SPI 


None 


±2°C 


-55°C to 125°C 


AD7817 


SPI version of 
AD74I7 


SPI 


4 


±1°C 


-55°Cto 125°C 


AD7818 


SPI version of 
AD74I8 


SPI 


1 


±2°C 


-55°C to 125°C 


AD7814 


10-Bit TDC 
in SOT23 


SPI 


None 


±2°C 


-55°C to 125°C 


AD7414 


10-Bit TDC in 
SOT23 prog OTT 


kC/Smbus 
(SMBus Alert) 


None 


±2°C 


-40°C to +85°C 


AD7415 


10-Bit TDC in 
SOT23 


kC/SMbus 


None 


±2°C 


-40°C to +85°C 



Dallas Semiconductor offers a broad line of faetory-ealibrated 1-, 2-, 3- 
Wire® or SPI buses temperature sensors/thermometers that ean provide 
straightforward thermal management for a vast array of applieations. This 
unparalleled produet line ineludes a variety of "direet-to-digital" temperature 
sensors that have the aeeuraey and features to easily improve system 
performanee and reliability [27]. These deviees reduee the eomponent eount 
and the board eomplexity by eonveniently providing digital data without the 
need for dedieated A-to-D eonverters. These sensors are available with 
aeeuraeies ranging from ± 0.5 to ± 2.5 (guaranteed over wide 
temperature and power-supply ranges), and they ean operate over the 
temperature range of -50 °C to +125 **C. 

The eonversion time range for the temperature into a digital is 
750 ms ^ 1.2 s. The 1-Wire and 2-Wire deviees have the multi-drop 
eapability, whieh allows multiple sensors to be addressed on the same bus. 
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In addition, some devices (DS1624, DS1629 and DS1780) combine the 
temperature sensing with other valuable features including EEPROM arrays, 
real-time clocks, and the CPU monitoring. One more interesting “smarf’ 
feature of Dallas Semiconductor’s temperature sensors is expandable from 9 
to 13 bits or user configurable to 9, 10, 1 1, or 12 bits resolution. 

Dallas Semiconductor's DS1616 Temperature Data Recorder with the 
3 -Input Analog to Digital Converter adds the potential for three powerful 
external sensors to the base design of the DS1615 Temperature Data 
Recorder. It permits to logging of not only the temperature, but also the 
humidity, the pressure, the system voltage, external temperature sensors, or 
any other sensor with the analog voltage output. The DS1616 provides all of 
the elements of a multi-channel data acquisition system on one chip. It 
measures the selected channels at user-programmable intervals, then store 
the data and a time/date stamp in the non-volatile memory for the later 
downloading through one of the serial interfaces. 

The DS1722 Digital Thermometer and Thermostat (-55°C to -l-120°C 
temperature range and ±2.0°C) with SPI/3-Wire Interface provides 
temperature readings which indicate the temperature of the device. No 
additional components are required; the device is truly a temperature-to- 
digital converter. Temperature readings are communicated from the DS1722 
over a Motorola SPI interface or a standard 3 -wire serial interface. The 
choice of interface standard is selectable by the user. For applications that 
require greater temperature resolution, the user can adjust the readout 
resolution from 8 to 12 bits. This is particularly useful in applications where 
thermal runaway conditions must be detected quickly. Applications for the 
DS1722 include personal computers/ servers/workstations, cellular 
telephones, office equipment, or any thermally-sensitive system [28]. Some 
other temperature sensors from Dallas Semiconductor are adduced in table 2. 

National Semiconductor also proposes some digital temperature sensors 
[29] with different temperature ranges from -55 °C up to +150 **C: 
SPI/MICROWIRE plus the sign digital temperature sensor EM70 (10-bit) 
and EM74 (12-bit); the digital temperature sensor and the thermal watchdog 
with the two-wire (I^C^'^ Serial Bus) interface EM75 (±3 °C); digital 
temperature sensors and the thermal window comparator with the two-wire 
interface EM76 (±1 °C), EM77 (±1.5 °C), EM88 (±3 °C, factory 
programmable dual remote-diode temperature sensor with 3 digital 
comparators) and EM92 (±0.33 **C). The sensors EM70, EM74 and EM75 
include the delta-sigma analog-to-digital converter. 

The window-comparator architecture of the sensors eases the design of 
the temperature control systems conforming to the ACPI (Advanced 
Configuration and Power Interface) specification for personal computers. 
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Table 2. Digital Temperature Sensors from Dallas Semiconductor. 



Model 1 Description | Accuracy 


1-Wire Digital Output Temperature Sensors 


DS18B20 


1-Wire™ temperature sensor with alarm function. 
64-bit ROM address allows multiple DS18B20 
to reside on the same 1-Wire bus 


±0.5°C 
(Flip Chip is 
±2.0°C) 


DS1821 


1-Wire temperature sensor and standalone 
thermostat 


±1.0°C 


DS1822 


1-Wire temperature sensor with alarm function. 
64-bit ROM address allows multiple DS 1 8B22 
to reside on the same 1-Wire bus 


±2.0°C 


2-Wire SMBus Temperature Sensors 


DS1631 


9-12 bit temperature sensor and thermostat 


±0.5°C 


DS1721 


9-12 bit temperature sensor and thermostat 


±1.0°c 


DS1731 


9-12 bit temperature sensor and thermostat 


±1.0°c 


DS1775 


9-12 bit temperature sensor and thermostat 


±2.0°C 


DS75 


9-12 bit temperature sensor functionally 
compatible with LM75 


±2.0°C 


SPI/3-Wire Temperature Sensors 


DS1626 


3-wire, 9-12 bit temperature sensor 
with standalone thermostat function 


±0.5°C 


DS1722 


SPI or 3-wire, 8-12 bit temperature 
sensor compatible with 1.8V logic 


±2.0°C 



Maxim Integrated Products provides the largest seleetion of thermal 
measurement integrated eireuits (ICs) in the industry [30], Maxim's single- 
wire output digital temperature sensors provide high-performanee 
temperature sensing with a ehoiee of period, frequeney, or pulse-width 
modulation (PWM) output. Maxim’s 2-wire SMBusT"^ temperature sensors 
provide high reliability proteetion for CPUs, FPGAs, and ASICs. They 
inelude features sueh as SMBus time-out, fault queue, and fail-safe hard wire 
eonneetion. Models are available in single and multi-ehannel versions with a 
variety of performanee and alarm eonfigurations. Maxim's pulse-width 
modulation (PWM) digital temperature sensors provide high-performanee 
with a single-wire output. They are available in variety of performanee, 
supply voltage, and output eonfigurations. Maxim's STF^ digital 
temperature sensors provide high-performanee temperature measurement 
and are available in a variety of produet eonfigurations. The digital 
temperature sensors from Maxim are addueed in table 3. 
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Table 3. Digital Temperature Sensors from MAXIM. 



Model 1 Description | Accuracy 


1-Wire Digital Output Temperature Sensors 


MAX6666/ 

MAX6667 


Single wire, 35Hz PWM, open-drain or push-pull outputs 
(90)1 A current typ). 


±1.0°C 


MAX6672/ 

MAX6673 


Single wire, 1 ,4KHz PWM, open-drain or push-pull output 
(150)iA current typ.) 


±0.5°C 


MAX6675L/H 


Allows |tP to interface with up to eight sensors on a single 
control wire (ISOpA current typ). 


±3.0°C 


MAX6676/ 

MAX6677 


Single wire, 1.8KHz PWM, open-drain output 
(80)iA current typ.) 


±1.0°C 


2-Wire SMBus Temperature Sensors 


MAX6625/ 

MAX6626 


9-bit/12-bit temperature sensor with digital 
OVERT -bar temperature alarm 


±1.0°C 


MAX6633/ 

MAX6635 


9-bit/12-bit temperature sensor with 0, 1 or 2 comparator 
outputs. 


±1.0°C 


MAX6648/ 

MAX6692 


Remote/local temperature sensor with ALERT-bar 
and OVERT -bar outputs. 


±0.8°C 


MAX6649 


145°C remote/local temperature sensor with ALERT-bar ar 
OVERT-bar outputs. 


±1.0°C 


MAX6652 


System monitor includes temperature sensors and 
four voltage measurements with ALERT-bar output. 


±1.0°C 


MAX6654 


Remote/local temperature sensor with 
ALERT-bar output. 


±1.0°C 


MAX6655/ 

MAX6656 


Dual remote temperature sensor, one internal 
sensor, and four voltage monitors. 


±1.0°C 


MAX6657/ 

MAX6658 


Remote/local temperature sensor with ALERT-bar 
and OVERT-bar outputs 


±1.0°C 


MAX6659 


Remote temperature with dual OVERT-bar outputs. 


±1.0°C 


MAX6680/ 

MAX6681 


Fail-safe pin-programmable ALERT-bar 
threshold, factory-set OVERT-bar threshold. 


±1.0°C 


MAX6690 


Remote/local temperature sensor with 
ALERT-bar output. 


±2.0°C 


SPI/3- Wire Temperature Sensors 


MAX6627/ 

MAX6628 


12-bit remote temperature sensor with SPI interface. 


±1.0°C 


MAX6629/ 

MAX6632 


12-bit local temperature sensor with SPI interface 
and either a 0.5 second conversion rate 
(200|xA typ supply) or an 8 second (35|iA typ 
supply). 


±1.0°C 


MAX6661 


12-bit temperature sensor with linear fan control, 
fan excitation, and SPI interface. 


±1.0°C 


MAX6662 


12-bit local temperature sensor with two alarms 
and SPI interface. 


±1.0°C 


MAX6674 


Thermocouple-to-digital converter with 
10-bit, 0.125°C resolution from 0°C to 128°C, 
SPI interface. 


±2.0°C 


MAX6675 


Thermocouple-to-digital converter with 12-bit, 
0.25°C resolution from 0°C to 1024°C, SPI interface. 


±3.0°C 


MAX6682 


Thermistor-to-digital converter, 1 0-bit, 1 
LSB accuracy, SPI interface. 


±3.0°C 
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The MAX6666/MAX6667 are high-aeeuraey, low-eost, low-power 
temperature sensors with a single-wire output. The MAX6666/MAX6667 
eonvert the ambient temperature into a ratiometrie PWM output with 
temperature information eontained in the duty eyele of the output square 
wave. The MAX6666 has a push-pull output and the MAX6667 has an open- 
drain output. 

The MAX6666/MAX6667 operate at supply voltages from -I-3V to 
-1-5. 5V. The typieal unloaded supply eurrent at 5.0V is 200pA. Both deviees 
feature a single-wire output that minimizes the number of pins neeessary to 
interfaee with a mieroproeessor (pP). The output is a square wave with a 
nominal frequeney of 35Hz (± 20%) at -l-25°C. The output format is deeoded 
as follows: 



T“C 



235 



400 -ti 

^2 



(V) 



where ti is the fixed with a typieal value of 10 ms and X 2 is the modulated by 
the temperature . The MAX6666/MAX6667 operate from -40°C to -l-125°C. 

Texas Instruments manufaetures the programmable digital temperature 
sensors TMP122 and TMP124 with SPI interfaee and 1.5-^2 °C aeeuraey. It 
has 9-12 bit temperature resolution and programmable temperature 
thresholds. The temperature range is -40° C to -1-125° C. Programmable 
resolution, programmable set points and shut down funetion provide 
versatile for any applieation. The TMP122 and TMP124 are ideal for 
extended thermal measurement in a variety of eommunieation, eomputer, 
eonsumer, environmental, industrial, and instrumentation applieations [31]. 

Applied Microsystem Ltd. has proposed the smart temperature sensor with 
0.0050 C aeeuraey and RS-232 ASCII eommunieations. It is a low eost, real- 
time alternative ideal for integration into others’ systems [32]. 

Thermometries is now manufaeturing direet-to-digital temperature 
sensors. These units provide a 9-bit digital output over the temperature range 
-55° to -l-125°C (-67° to -l-257°F) in inerements of 0.5°C (0.9°F). 1 wire, 2 
wire, 3 wire and SPI buses are available. Eaeh unit eontains a unique serial 
number integral to the silieon ehip so that multiple units ean be wired onto a 
single 1-wire bus, and eaeh is reeognized by its own serial number. This 
feature suggests applieations in HVAC and other areas where multiple 
temperatures need to be eeonomieally monitored by a eentral station. 

Interfaee (both hardware and software) are available to provide readout 
and alarm funetions right through the PC’s serial port. Aeeuraey is ± 0.5°C 
from -10° to -l-85°C with 9-bit resolution [33]. 

Another example of the digital output sensor is -l-GF-l- SIGNET 2350 with 
the temperature range from -10 to -l-IOO °C and the aeeuraey ± 0.5 °C. 
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The temperature sensor’s digital output signal allows for wiring distanees 
between sensor and temperature transmitter of up to 61 m. An integral 
adapter allows for the integration of the sensor and the transmitter into the 
eompaet assembly. 



4.2 Pressure Sensors 

Similarly to temperature sensors, pressure sensors are also very widely 
spread. Pressure transdueers are found in numerous OEM applieations, and 
they are used widely in proeess eontrol. The introduetion of the 
mieroeontroller has inereased the funetionality and expanded the use of 
pressure transdueers over the past 15 years. 

In Europe, the first truly integrated pressure sensor was designed in 1968 
by Gieles at Philips Researeh Eaboratories [34], and the first monolithie 
integrated pressure sensor with the digital (i.e, frequeney) output was 
designed and tested in 1971 at Case Western Reserve University [35] as a 
part of a program addressing biomedieal applieations. Miniature silieon 
diaphragms, with the resistanee bridge at the eenter of the diaphragm and 
sealed to the base wafer with the gold-tin alloy, were developed for implant 
and indwelling applieations. 

A wide variety of pressure sensing teehnologies is available today. 
Pressure sensors eonvert the external pressure into the eleetrieal output 
signal. To aeeomplish this, semieonduetor mieromaehined pressure sensors 
use the monolithie silieon diffused piezoresistors. The resistive element, 
whieh eonstitutes the sensing element, resides in the thin silieon diaphragm. 
The applying pressure to the silieon diaphragm eauses its defleetion and 
ehanges the erystal lattiee strain. This affeets the free earrier mobility, 
resulting in a ehange of the transdueer’s resistanee, or piezoresistivity. The 
diaphragm thiekness as well as the geometrieal shape of resistors, is 
determined by the toleranee range of the pressure. Advantages of these 
widely spread transdueers of sueh a type are: 

• high sensitivity; 

• good linearity; 

• minor hysteresis phenomenon; 

• small response time. 

The output parameters of the diffused piezoresistors are temperature 
dependent and require from the deviee to be eompensated if it’s used over a 
wide temperature range. However, with oeeurrenee smart sensors and 
MEMS, the temperature error ean be eompensated due to the usage of built- 
in temperature sensors. 

Most of today’s MEMS pressure transdueers produeed for the automotive 
market eonsist of the four-resistor Wheatstone bridge, fabrieated on a single 
monolithie die using the bulk eteh mieromaehining teehnology. The 
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piezoresistive elements integrated into the sensor die are loeated along the 
periphery of the pressure sensing diaphragm, at the points appropriate for the 
strain measurement [36]. 

Now the designers ean ehoose between two arehiteetures for the sensor 
eompensation: the eonventional analog sensor signal proeessing or the 
digital sensor signal proeessing. The last one is eharaeterized by the fully 
digital eompensation and the error-eorreetion seheme. A very fine geometry, 
mixed-signal CMOS IC teehnologies have enabled the ineorporation of the 
sophistieated digital signal proeessor (DSP) into the sensor eompensator IC. 
The DSP was designed speeifieally to ealeulate the sensor eompensation, 
enabling the sensor output to realize all the preeision inherent in the 
transdueer. 

As it was eonsidered in [37] ‘as the CMOS proeess and the 
mieroeontroller/DSP teehnology have beeome more advaneed and highly 
integrated, this approaeh may beeome inereasingly popular. The debate 
eontinues as to whether the ehip area and the eireuit overhead of standard 
mieroproeessor designs used for this purpose will be eompetitive with less 
flexible (but smaller and less eostly) dedieated DSP designs that ean be 
eustomized to perform the speeifie sensor ealibration funetion’. For example, 
the integrated pressure sensor uses a eustom digital signal proeessor and the 
non-volatile memory to ealibrate and temperature-eompensate a family of 
pressure sensor elements for a wide range of automotive applieations. 

This programmable signal eonditioning engine operates in the digital 
domain using a ealibration algorithm that aeeounts for higher order effeets 
beyond the realm of most analog signal eonditioning approaehes. The 
monolithie sensor provides enhaneed features that typieally were 
implemented off the ehip (or not at all) with traditional analog signal 
eonditioning solutions that use either laser or eleetronie trimming. A 
speeially developed digital eommunieation interfaee permits the ealibration 
of the individual sensor module via eonneetor pins after the module has been 
fully assembled and eneapsulated. The post-trim proeessing is eliminated, 
and the ealibration and the module eustomization ean be performed as an 
integral part of the end-of-line testing by the eompletion of the 
manufaeturing flow. The IC eontains a pressure sensor element that is 
eoproeessed in a submieron, mixed-signal CMOS wafer fabrieation step and 
that ean be sealed to a variety of automotive pressure sensing applieations 
[37]. 

Now, let us give state-of-the-art and some industrial examples of modern 
pressure sensors and transdueers. There are many different manufaeturers on 
the modern sensor market who are produeing pressure sensors and 
transdueers with aeeuraey range from 1 % FS up to 0.01 % FS, frequeney, 
digital output (RS-232/485, IEEE-488) and bus eapabilities (CANbus, 
Modbus, HART, Fieldbus, ete.). 
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The major attention was given to the ereation of pressure sensors with the 
frequeney output in the USSR [38, 39]. The first of them was based on the 
usage of voltage-to-frequeney eonverters and had the aeeuraey up to 1 %, the 
effeetive range of measuring frequeneies 0^2 kHz in the pressure range 
0 ^ 40 MPa. The seeond was founded on the usage of the piezoresonator. 
The eonneetion of this deviee into the self-oseillator eireuit has allowed to 
reeeive a frequeney signal, proportional to the foree. The relation between 
the measured pressure p and the output frequeney signal /is expressed by the 
following equation: 



P = (f-f«)/K,; K, =K,.S.„, (8) 

where fo is the frequeney at jp = 0; / is the measurand frequeney; Kp is the 
eonversion faetor of pressure-to-frequeney; Kp is the foree sensitivity faetor; 
5'e^is the membrane’s effeetive area. 

The silieon pressure sensor with based on the bulk mieromaehining 
teehnology and VFC based on CMOS teehnology was deseribed in [40]. It 
has 0 ^ 40 kPa measuring pressure range, 280 ^ 380 kHz frequeney output 
range and the main error ± 0.7 %. 

Kulite eompany produees the frequeney output pressure transdueer ETF- 
1-1 000. The sensor provides an output, whieh ean be interfaeed direetly to a 
digital output. The transdueer uses a solid-state piezoresistive sensing 
element, with the exeellent reliability, repeatability and aeeuraey. The 
pressure range is 1.7 ^ 350 bar, the output frequeney is 5 ^ 20 kHz, the total 
error band is ± 2%. Other examples are pressure transdueers VT 1201/1202 
from Chezara (Ukraine) with 15 ^ 22 kHz frequeney output range and the 
standard error ± 0.25 % and ±0.15 % aeeordingly. 

The shining example of the sensor with x(t) V(t) F(t) eonversion is 
the pressure sensor from ADZ Sensortechnik GmbH (Germany). The IC LM 
331 was used as VFC. The output frequeney of the eonverter ean be 
ealeulated aeeording to the following formula: 

f _ (U.n-Uoffse.)-R6 

2.09V -R4-R8-C6’ 

where 

U„ 0.533 0.5 V 

bar 

The measuring range is 0 ^ 8.8 bar, the frequeney range is 1 ^ 23 kHz. 

Honeywell manufaetures pressure sensors and transdueers for a variety of 
applieations designed to provide 0.1 ^ 0.03 % FS aeeuraey with digital and 
analog funetionality [41]. 



( 9 ) 

( 10 ) 
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Omega Engineering Inc. has announced the frequency output type 
(1 -h 6 kHz), 1 % FS accuracy microprocessor compatible pressure transducers 
PX106 series. Ten pressure ranges from 0-6 psi up to 0-2 000 are available 
[42]. 

The high-accuracy (0.01 %) fibre-optic pressure transducers have been 
developed in ALTHEN GmbH by applying the optical technology to 
resonator-based sensors [43]. 

Further development of microelectronic technologies and smart sensors 
has declined in the rise of the high-precision (up to 0.01 % FS) digital and 
quasi-digital output pressure sensors and transducers. Some of them are 
described below. 

The Paroscientific Inc. Digiquartz® Intelligent Transmitter [44] consists 
of a unique vibrating quartz crystal pressure transducer and a digital 
interface board in the integral package. Commands and data requests are sent 
via the RS-232 channel and the transmitter returns data via the same two- 
way bus. Digital outputs are provided directly in engineering units with the 
typical accuracy of 0.01 % over a wide temperature range. The use of a 
frequency output quartz temperature sensor for the temperature 
compensation yields the achievable accuracy of 0.01 % full scale over the 
entire operating temperature range. The output pressure is fully thermally 
compensated using the internally mounted quartz crystal specifically 
designed to provide a temperature signal. All transmitters are programmed 
with calibration coefficients for full plug-in interchangeability. The 
Intelligent Transmitter can be operated either as a stand-alone standard 
output pressure sensor with the display, or as a fully integrated addressable 
computer controlled system component. Transducers use crystalline quartz 
as the key sensing elements for both the pressure and the temperature 
because of its inherent stability and precision characteristics. The pressure 
sensing element is a quartz beam, which changes frequency under the axial 
load. The transferred force acts on the quartz beam to give a controlled, 
repeatable, and stable change in the resonator’s natural frequency, which is 
measured as the transducer output. The load dependent frequency 
characteristic of the quartz crystal beam can be characterized by a simple 
mathematical model to yield highly precise measurements of the pressure 
and pressure related parameters. The output is a square wave frequency [44]. 

Over thirty full scale pressure ranges are available - from a fraction of an 
atmosphere to thousands of atmospheres (3 psid to 40 000 psia). Absolute, 
gauge, and differential transducers have been packaged in a variety of 
configurations including intelligent transmitters, depth sensors, portable 
standards, water level systems and meteorological measurement systems. 
Intelligent electronics have two-way digital interfaces (bi-directional RS-232 
and RS-484) that allow users to adjust resolution (up to 0.0001%), update 
rates, engineering units, sampling commands and other operational 
parameters. 
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Other examples are intelligent pressure standards (series 960 and 970) 
from Pressure Systems [45], In 960 series, the pressure is measured via the 
ehange in the resonant frequeney of the oseillating quartz beam by the 
pressure-indueed stress. Quartzonix^M pressure standards produee the output 
frequeney between 30 and 45 kHz and ean aehieve the aeeuraey of ± 0.01% 
FS. The preeise thermal eompensation is provided via the integrated quartz 
temperature sensor used to measure the operating temperature of the 
transdueer. The Series 970 uses a multi drop, 9 600 baud ASCII eharaeter 
RS-485 type interfaee, allowing a network of up to 31 transdueers on the 
same bus. The output pressure measurement is user programmable for both 
the pressure units and update rate. 

The PDCR 450 and DPS 4000 series CANbus digital output pressure 
sensors are produeed by Druck [46]. Fully temperature eorreeted pressure 
readings are output as a digital word in any one of 24 engineering units, 
requiring no user system set-up or ealibration. The integral digital eleetronies 
enhanee performanee to levels unmatehed by traditional analogue 
transdueers. “Smart” funetions inelude a deviee self-eheeking and 
diagnosties. 

The Atmodule AT2640-16A preeision digital-output pressure sensor 
from Atmos uses smart sensor teehniques to eorreet pressure readings for 
temperature and linearity, aehieving a total error band of under 0.1% FS 
(0.016 PSI) over the -58 F to +185 F temperature range. The module 
eontains an aerospaee-grade silieon pressure sensor, sensor interfaee 
eleetronies (four-wire serial interfaee, three-wire user interfaee), a 21 -bit 
A/D eonverter, EEPROM ealibration memory, and a sensor signal proeessor 
[47]. 

The differential pressure sensors SDPIOOO and SDP2000 with 
CMOSens® teehnology are available from Sensirion. It eombines an 
eeonomieal yet highly preeise sensor element with eleetronies for signal 
proeessing on a single ehip (ASIC). SDPI000/SDP2000 are suited for 
numerous applieations, sueh as HVAC medieal applieations, air and 
environmental proteetion, and portable instruments [48]. 

Instrumentation Northwest’s AquiStar® PT2X submersible smart sensor 
represents the latest in state-of-the-art level measurement teehnology. This 
digital (RS485/RS232 interfaee Modbus protoeol) output deviee offers 
improved noise immunity, thermal performanee and transient proteetion. In 
addition, this deviee stores over 130,000 reeords of pressure, temperature 
and time data, operates with low power. The PT2X eomes with INW's easy- 
to-use Aqua4Plus software. Aqua4Palm is available for Palm®-based 
handhelds. 

This sensor also provides updated aeeuraey and resolution and simple 
software field ealibration, whieh inereases data integrity but reduees overall 
system eosts [49]. 
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4.3 MEMS Accelerometers 

Another very popular silieon sensor from the meehanieal signal domain is 
the aeeelerometer. The measurement of aeeeleration or one of its derivative 
properties sueh as vibration, shoek, or tilt has beeome very eommonplaee in 
a wide range of produets. 

The first attempt at developing a piezoresistive aeeelerometer for the 
shoek and vibration measurement eommunity oeeurred in 1962 [50] and 
ineorporated a patented butterfly bulk semieonduetor gauge. During the 
1970s, MEMS aeeelerometers began to beeome eommonplaee in the market. 
The past deeade has inereasingly seen MEMS aeeelerometers married to a 
separate ehip eontaining eleetronie eireuitry and paekaged in a hermetieally 
sealed housing. This has enabled a full-seale output signal level on the order 
of volts. In 1968 [50], a patent was filed to ineorporate a 2-wire IC (FET) 
into a piezoeleetrie aeeelerometer. In time, all manufaeturers of piezoeleetrie 
aeeelerometers endorsed this prineiple and more eomplex eireuits were 
developed. Over the past 10 years, the demand for piezoeleetrie 
aeeelerometers with integral eleetronies has eontinued to inerease [51]. 

The foeus of the 1990s, guided by IEEE (Institute of Eleetrieal and 
Eleetronies Engineers) standards, is smart transdueers. IEEE 145 1.2 provides 
a definition of transdueer eleetronie data sheets (TEDS) that are eapable of 
interfaeing with one or more transdueers in individual smart transdueer 
interfaee modules (STIMs). This standard will allow the transdueer industry 
to design stand-alone STIMs for marketing to military or aerospaee system 
integrators or end test users. The STIM eould integrate the transdueer(s), 
signal eonditioning, digitizers, and address logie into a single paekage. What 
is the thermal sensitivity ehange, thermal zero eorreetion, last ealibration, 
and so forth of a given transdueer? The TEDS eould eontain this 
information. The signal from a transdueer eould be eorreeted in near real- 
time. IEEE PI 45 1.3 and PI 45 1. 4, when eomplete, are intended to move this 
teehnology further toward the marketplaee. To envision the implieations of 
smart transdueers in the aerospaee market, it is neeessary only to imagine the 
struetural dynamies qualifieation of a new airframe. Not only would the 
opportunity for misidentifieation of ehannels be lessened, but also mueh of 
the thousands of feet of eabling neeessary for signal transmission eould be 
eliminated [51]. 

The types of a sensor used to measure the aeeeleration, shoek, or tilt 
inelude the piezo fdm, the eleetromeehanieal servo, the piezoeleetrie, the 
liquid tilt, the bulk mieromaehined piezoresistive, the eapaeitive, and the 
surfaee mieromaehined eapaeitive. Eaeh has distinet eharaeteristies in the 
output signal, the development eost, and the type of the operating 
environment in whieh it funetions best of all [52]. The type, whieh has been 
used for many years, is the piezoeleetrie and whieh is relatively new is the 
surfaee mieromaehined eapaeitive. To provide useful data, the first type of 
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accelerometers requires the proper signal conditioning circuitry. For the last 
years, the working range of these devices has been broadened to include 
frequencies from 0. 1 Hz to above 30 kHz. 

Capacitive spring mass accelerometers with the integrated electronics that 
do not require external amplifiers are proposed by Rieker Inc. These 
accelerometers of Sieka series are available with the analog DC output, 
digital pulse-width modulated, or frequency-modulated outputs [53]. 

The surface micromachined products provide the sensor and the signal 
conditioning circuitry on the chip, and require only a few external 
components. Some manufacturers have taken this approach one step further 
by converting the analog output of the analog signal conditioning into a 
digital format such as a duty cycle. This method does not only lift the burden 
of designing of the fairly complex analog circuitry for the sensor, but also 
reduces the cost and the board area [52]. 

A very simple circuit can be used to measure the acceleration on the basis 
of ADXL202/2 1 0 accelerometers from Analog Devices. Both have the direct 
interface to popular microprocessors and the duty cycle output with 1 ms 
acquisition time [54]. For interfacing of the accelerometer’s analog output 
(for example, ADXL05) with microcontrollers. Analog Devices proposes 
acceleration-to-frequency circuits based on AD654 VFC to provide a circuit 
with a variable frequency output. A microcontroller can then be programmed 
to measure the frequency and compute the applied acceleration [54]. 

The ADXL202E is a 2-axis acceleration sensor on a single IC chip, with 
a measurement range of ±2 g. The ADXL202 can measure both dynamic 
acceleration (e.g., vibration) and static acceleration (e.g., gravity). 

The outputs are duty-cycle modulated (DCM) signals whose duty cycles 
(ratio of pulse width to period) are proportional to the acceleration in each of 
the 2 sensitive axes. These outputs may be measured directly with a 
microprocessor counter, requiring no A/D converter or glue logic. The DCM 
period is adjustable from 0.5 ms to 10 ms via a single resistor (Rset)- If an 
analog output is desired, an analog output proportional to acceleration is 
available from the Xfilt and Yfilt pins, or may be reconstructed by filtering 
the duty cycle outputs. 

The dual (X, Y) axis accelerometer inclinometer KXG20 from Kionix 
also has a duty-cycle output [55]. This silicon micromachined linear 
accelerometer consists of a sensor element and an ASIC. The sensor element 
functions on the principle of differential capacitance. Acceleration causes 
displacement of a silicon structure resulting in a change in capacitance. An 
ASIC, using a standard CMOS manufacturing process, detects and 
transforms changes in capacitance into a duty-cycle signal, which is 
proportional to acceleration. The sense element design utilizes common 
mode cancellation to decrease errors from process variation and 
environmental stress. 
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ST Microelectronics' LIS3L02 linear accelerometer is the first one-chip 
three-axis MEMS-based accelerometer sensor with an interface chip [56], 
The Dual Axis MEMS - based accelerometer MXA2500U has been 
introduced by MEMSIC. The device includes the integrated circuits and 
sensor on one chip based on standard CMOS process. The layout is shown in 
Figure 14. 




Figure 14. MXA2500U Accelerometer Layout 
(Reproduced from Sensors & Transducers e-Digest, No. 5, May 2002). 

Accelerometer’s features include the continuous self-test and custom 
programmable specifications [57]. 

Self-testing is a desirable requirement in certain safety applications such 
as crash detection for airbag actuation. The self-test procedure for a 
micromachined silicon accelerometer realised using a commercially 
available microprocessor is described in [58]. The self-test procedure must 
be performed at resonance and the microprocessor is used to identify the 
individual resonant frequency of each device and confirm the operation of 
the PZT elements. The microprocessor could also be used in the future to 
fully test and calibrate the device thereby ensuring correct and accurate 
operation. 

Summit Instruments Platinum Series Smart Accelerometer Systems are 
complete, easy-to-use, user-configurable acceleration measurement systems 
containing one, two or three accelerometers, a temperature sensor, signal 
processor, IRIG-106 PCM encoder, RS-485 interface and three analog 
outputs in a small, easy-to-install package [59]. 

All channels are sampled simultaneously to avoid data skewing. The 
digital signal processor takes 16-bit samples, filters, ranges, and calibration 
compensates at up to 42,500 samples/sec/channel. Digital data can be 
streamed out at up to 3 Mbit/sec. 

The output range, filter frequency and calibration of each channel, as well 
as telemetry configuration, can be set by the user via the RS-485 command 
processor. The CRC-16 error checking is used to ensure command and data 
integrity. 
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The built-in temperature sensor ean be used by eritieal applieations to 
eorreet for any residual temperature effeets. 

For a frequeney output sensor, Honeywell produees the Aeeelerex 
RBA-500 aeeelerometer [60]. It is primarily used to supplement GPS 
navigation systems. It's a good ehoiee where frequeney output, high-g, small 
size, low power, and light weight are neeessary. The aeeeleration is 
measured as a fimetion of the frequeney differenee between two vibrating 
quartz beams. The output of the Aeeelerex aeeelerometer is also thermally 
eompensated through the use of an internal temperature sensor and 
Honeywell-supplied eoeffieients; when integrated over time, delta veloeity is 
direetly provided to the user's system. 



4.4 Rotation Speed Sensors 

There are many known rotation speed sensing prineiples and many 
eommereially available sensors. The overwhelming majority of sueh sensors 
are based on the Hall-effeet and magnetoresistors sensing prineiples or 
induetive sensing prineiple. Aeeording to the nature, rotation speed sensors 
are from the frequeney-time domain. Pulses are generated on its output. Its 
frequeney is proportional to the measured parameter. The measuring 
frequeney of the rotation speed is given by 



n 



X 




( 11 ) 



where Z is the number of modulation rotor’s (eneoder’s) gradations. 

For modem applieations the rotation speed sensor should provide the 
digital or the quasi-digital output eompatible with standard teehnologies. 
This means that the sensor and the signal proeessing eireuitry (the 
mieroeontroller eore) ean be realized in the same ehip. An exeellent solution 
in many aspeets is when this signal is a square-wave output of an oseillator 
the frequeney of whieh is linearly dependent on the rotating speed and 
earries the information about it. 

The semieonduetor aetive position sensor of relaxation type designed by 
authors together with Autoelectronie eompany (Kaluga, Russia) ean serve as 
an example [61, 62]. It was developed on the basis of the erankshaft position 
sensor. Its prineiple of aetion is based on the effeet of the eontinuous 
suppression of oseillations of the high frequeney generator by passing of 
eaeh metal plate of the modulating rotor in front of the aetive sensor element 
and its subsequent resumption. Due to that, the reetangular pulses with the 
eonstant amplitude (+Vcc) are eontinuously formed on the sensor output. The 
frequeney of these pulses is proportional to the rotating speed. If the metal 
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tooth of the rotor-modulator comes nearer to the active element (generator 
coil), the logic level "1" (+Vcc) is formed on the sensor output. When the 
active sensor part appears between the teeth, the logic level "0" is formed on 
the output. Thus, the active sensor forms the pulsing sequence, the frequency 
of which is proportional or equal to the rotating speed. This sensor does not 
require any additional buffer devices for the tie-in measuring system and has 
a very easy interface to be integrated in the microsystem. Besides, the sensor 
meets to requirements of the technological compatibility with other 
components of the microsystem. 

By the sensor design, the “chip & wire” technology was used, which 
combines the advantages of both monolithic and hybrid integrated 
technologies. All electronics was realized in a single chip, only the 
inductance, two resistors and the stabilitron were implemented in accordance 
with the hybrid technology. 

The comparative features of the modern non-contact sensors of different 
principles of function are adduced in Table 4. Here sensors A5S07/08/09 are 
made by BR Braun (Germany), DZXXXX - by Electro Corporation (USA); 
VT1855, 00020 - by NIIFI (Penza, Russia); 4XXXX- by Trumeter (UK); 
TMPC- by Red Lion Controls (USA). 

Table 4. Comparative Features of Non-Contact Sensors of Rotation Speed. 



Sensors 


Frequency 
Range, kHz 


Supply 
Voltage, V 


Current Consumption, 
niA 


Type 


ASRS 


0^50 


4.5 ^ 24 


7^ 15 


active 


A5S07 


0.5 ^25 


8 ^28 


15 + load current 


hall-effect 


A5S08/09 


0.5 ^ 25 


8 ^25 


15 


hall-effect 


DZ375 


0^5 


4.5 ^ 16 


20^50 


magnetic 


DZH450 


0^5 


4.5^30 


20 


hall-effect 


DZP450 


1 ^ 10 


4.5 ^ 16 


50 


hall-effect 


VT1855 


0.24^ 160 


27 


3 


inductive 


OO 020 


0.24 ^ 720 


27 


100 


photo 


4TUC 


0.3 ^2 


10^30 


200 


mag./inductive 


4TUN 


0.3 ^2 


6.2^ 12 


3 


mag./inductive 


45515 


0.002 ^ 30 


25 


20 


hall-effect 


LMPC 


up to 10 


9^ 17 


25 


mag./inductive 



Active, magnetic and Hall-effect sensors are more suitable for the 
determination of the object status “Stop” (a shaft is stopping). The advantage 
of active semiconductor sensors is the possibility of the operation with non- 
magnetic modulating rotor’s teeth (steel, copper, brass, aluminium, nickel, 
iron). Therefore, the modulating rotor can be made of plastic and its teeth - 
of the metallized coating. It essentially raises the manufacturability and 
decreases the cost value. With the exception of the non-contact rotation 
speed sensing, such sensors can be used like an angular position sensor, a 
position sensor, a metallic targets counter and an end-switch. In addition, a 
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smart sensor on this basis allows to realise the measurement of the rotation 
aeeeleration. 

Aetive semieonduetor sensors are not influeneed by run-out and external 
magnetie fields in eomparison with the usage of Hall-effeet sensors. By 
usage of the Hall-effeet sensors, it is also neeessary to take into aeeount the 
availability of the initial level of the output signal between eleetrodes of the 
Hall's element by absenee of the magnetie field and its drift. It is espeeially 
eharaeteristie for a broad temperature range. A Hall-effeet rotation speed 
sensor needs eneoders with magnetie pole teeth. 

Another good example of a smart sensor for the rotation speed is the 
induetive position, speed and direetion aetive miero-sensor MS 1200 from 
CSEM (Switzerland) [63]. The deviee has the output that ean switeh up to 
1 mA and is eompatible with CMOS digital eireuits, in partieular with 
mieroproeessors. The frequeney range is 0 ^ 40 kHz, the air-gap is 
0^3 mm. The eore is a sensor ehip with one generator eoil and two sets of 
deteetion eoils (Figure 15). 



Sensor chip 
Generator micro - coil 



Detection micro - coils 

◄ 



Driver 



Osc. 



Demod. 



t> 



Demod. 












Logic 






Metalic target 

Figure 15. MS 1200 Functional Block Diagram. 



=> Supply(Voo) 
=> Groimd(Vgg) 



Direection 
-o 4x 






The deteetion eoils are eonneeted in a differential arrangement, to rejeet 
the eommon mode signal. The sensor also ineludes an eleetronie interfaee, 
whieh is eomposed of a high frequeney exeitation for the generator eoil and 
two read-out ehannels for the two sets of deteetion eoils (ehannels A and B). 
The read-out eleetronies extraet the amplitude variation of the high 
frequeney signal due to the presenee of a metallie target. The output stage is 
a first order low-pass filter and a eomparator. For a nominal target period of 
2 mm, the outputs are two ehannels in quadrature (A quad B) as well as a 
direetion signal and a speed signal (4X interpolation). It is eomposed of two 
silieon ehips, one for the integrated miero-eoil and the other for the 
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integrated interfaee eireuit. The sensor produees a two-ehannel digital 
output, as well as a direetion signal. 

ATS660LSB true zero-speed Hall-effeet adaptive gear-tooth sensor is 
manufaetures by Allegro [64]. It is a gear-tooth sensor solution for uniform 
teeth targets as found in today's demanding transmission applieations. The 
ATS660LSB ineorporates patented self-ealibration eireuitry (U.S. Pat. 
5,917,320) that nulls out the effeets of installation air gap, ambient 
temperature, and magnet offsets to provide superior timing aeeuraey with 
symmetrieal targets over large operating air gaps - typieal of targets used in 
speed-sensing applieations (pitehes varying from below 0.5 to over 1.2 teeth 
per diametrie millimeter). The self-ealibration at power up keeps the 
performanee optimized over the life of the sensor. The ATS660LSB has an 
open-eolleetor output for direet digital interfaeing with no further signal 
proeessing required. 

The integrated eireuit ineorporates a dual-element Hall-effeet sensor and 
signal proeessing that switehes in response to differential magnetie signals 
ereated by the ferrous gear teeth. The eireuitry eontains a sophistieated 
digital eireuit to eliminate magnet and system offsets and to aehieve true 
zero-speed operation. D-to-A eonverters are used to adjust the deviee gain at 
power on and to allow air-gap independent switehing, whieh greatly reduees 
vibration sensitivity of the deviee. 

The sensor PieoTum-SM5.x from Transducers Direct, LLC is made out 
of a simple eoil mounted on a ferrite eore. In eombination with a resistor this 
forms an R-L network. The time eonstant of this R-L network is measured 
preeisely by use of a TDC (Time-to-Digital Converter). If a vane of the 
eompressor wheel is brought in front of the sensor, the time eonstant ehanges 
by attenuation through eddy eurrents. A DSP, sueeeeding the TDC, takes 
this information to ealeulate the rotational speed [65]. 

The time measurement is done with high preeision, the resolution is about 
125ps. The time eonstant of the R-L network ean be ehosen to be very short. 
The rotational speed deteetable ean be very high in eonsequenee. 

Attenuation by eddy eurrents is best for dia- and paramagnetie materials. 
Thus the sensor is espeeially suited to deteet aluminium wheels. The 
maximum spaeing between sensor and eompressor wheel depends on the 
shape of the vanes. It typieally is in the range of 0.7 to I.O mm. The eable 
length may reaeh up to 3m. Guaranteed by the speeial measuring method, 
the system is insensitive to variations of the dieleetrie eonstant due to dirt. 
Measurement range is 200 ^350 000 rpm. 



4.5 Intelligent Opto Sensors 

Next, we shall examine a teehnique of delivering the output from optieal 
(light) sensors into the frequeney-time (quasi-digital) domain. Light is a real- 
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world signal that is often measured either direetly or used as an indieator of 
some other quantity. Most light-sensing elements eonvert light into an 
analog signal in the form of the eurrent or the voltage, then a photo diode 
eurrent ean be eonverted into the frequeney output. Light intensity ean vary 
over many orders of the magnitude, thus eomplieating the problem of the 
maintaining resolution and signal-to-noise ratio over a wide input range. 
Converting the light intensity to a frequeney overeomes limitations imposed 
on the dynamie range by the supply voltage, the noise and the ADC 
resolution. 

The deviee to realise this is a low-eost programmable silieon opto sensors 
TSL230/235/245 from Texas Instrument with the monolithie light-to- 
frequeney eonverter [66]. The output of these deviees is a square wave with 
the frequeney (0^1 MHz) that is linearly proportional to the light intensity 
of the visible and short infrared radiation. Additionally the deviees provide 
the programming eapability for the adjustment of the input sensitivity and 
the output sealing. These eapabilities are effeeted by a simple eleetronie 
teehnique, switehing in different numbers of the 100 elements of the photo 
diode matrix. For the eost reason, the low eost mieroeontroller with the 
limited frequeney range may wish to be used for the frequeney-to-digital 
eonverter due to the output sealing eapability. Options are an undivided 
pulse train with the fixed pulse width or the square wave (50% duty-eyele) 
divided by 2-, 10- or 100-outputs. The light levels of 0.001 to 
100 000 pW/am^ean be aeeommodated direetly without filters [66]. 

Sinee the eonversion is performed on-ehip, effeets of the external 
interferenee sueh as noise and leakage eurrents are minimized and the 
resulting noise immune frequeney output is easily transmitted even from 
remove loeations to other parts of the system. The isolation is easily 
aeeomplished with optieal eouples or transformers. 

Texas Instrument manufaetures also the TSL2550 two-wire serial SMBus 
ambient light sensors (ALS) [67]. Conventional silieon deteetors respond 
strongly to infrared (IR) light that peak in the range of 700-1 100 nm whieh 
the human eye does not see. Aeeordingly, if eonventional deteetors are used 
as ambient light sensors, inaeeurate results will oeeur due to differenees in 
the IR speetrum of various light sourees. This problem is overeome in the 
TSL2550 through the use of two photodiodes without the use of an 
expensive optieal filter. One of the photodiodes (Channel 0) is sensitive to 
both visible and infrared light, while the seeond photodiode (Channel 1) is 
sensitive primarily to infrared light. An integrating ADC eonverts the 
photodiode eurrents to a digital output whieh in turn is input to a 
mieroproeessor where illuminanee (i.e. ambient light level) in lux is derived 
from the two ehannels to approximate the human eye response. 

The linear array (LA) TSL3301 from the same manufaeturer is a linear 
300 dpi optieal sensor array with integrated 8-bit analog-to-digital eonverter 
that operates with a supply voltage in the range of 3 to 5 volts and has a 
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programmable sleep mode. It is intended for high-performanee, power and 
eost sensitive applieations ineluding seanning, rotary and linear eneoders, 
bar eode readers and OCR readers to name a few. The array eonsists of 102 
pixels spaeed on a 300 dpi eenters. Assoeiated with eaeh pixel is a eharge 
integrator/amplifier and sample-hold eireuit. All pixels have eoneurrent 
integration periods and sampling times. Data eommunieation is 
aeeomplished through a three-wire serial interfaee. The array is split into 
three 34 pixel zones, with eaeh zone having programmable gain/offset levels 
[68]. 

The Smart Vision Sensor is a eombination of sensor and general-purpose 
image RISC proeessor on the same semieonduetor ehip (Figure 16). 




Sensor A/D Converter RISC Procesx 



Figure 16. Smart Vision Sensor MAPP2500 



MAPP2500 (Matrix Array Pieture Proeessor) is a two dimensional Smart 
Vision Sensor eontaining a full matrix of 512x512 sensors and 512 proeessor 
units. The built in proeessor array handles a full row of pixels in parallel. 
The MAPP2500 is based on an SIMD (Single Instruetion stream, Multiple 
Data stream) arehiteeture eontaining 512 parallel proeessing elements. To 
simplify programming, all registers also have a uniform width of 512 bits 
[69]. The deviee handles all of the eritieal tasks found in an image 
proeessing system; image sensing, digitization and data reduetion. Its 
performanee is in many eases superior to that provided by other 
programmable solutions. 

Another interesting examples are the integrated smart optieal sensors 
developed in Delft University of Teehnology [70, 71]. Integrated on-ehip 
eolour sensors have been designed and fabrieated to provide a digital output 
in the IS2 bus format. The readout of photodiodes in the silieon takes plaee 
in sueh a way that pulse series are generated with the pulse frequeney 
proportional to the optieal intensity (luminanee) and the duty eyele to the 
eolour (ehrominanee). The eolour information is obtained using the 
wavelength dependenee of the absorption eoeffieient in the silieon in the 
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optical part of the spectrum, so no filters are required. The counters and the 
bus interface have been realized in a bipolar and CMOS version with the 
enhanced resolution, which is being investigated. 



4.6 Humidity and Moisture Sensors 

Frequency-time domain humidity and moisture sensors can be created 
based on humidity - capacitance - frequency (or duty-cycle) converters. 
Taking into account that accuracy of such sensors is not so high (1^ 5%), the 
analog low cost IC timer 555 or 556 can be use as a voltage-to-frequency 
converter in order to produce a quasi-digital sensor output. 

Although an RH sensor might seem a simple device, its proper operation 
is highly dependent on careful humidity calibration [72]. 

Relative humidity sensors HSl 100/HSl 101 from Humirel (USA) are 
based on a unique capacitive cell. Together with two types of frequency 
(duty-cycle close to 50%) output circuits, these sensors are with x(t) C(t) 

F(t) conversion. The circuits are based on the IC TLC555. Though these 
timers are not precise, the conversion error does not exceed 1%. The typical 
frequency range is 5 978 ^ 7 285 Hz. Based on the rugged HSl 101 humidity 
sensor, HF3223 / HTF3223 is a dedicated humidity transducer designed for 
OEM applications where the reliable and accurate measurement is needed. 
The direct interface with a microcontroller is made possible with the 
module’s linear frequency output (8 030 ^ 9 560 Hz) for 10 ^ 95 RH (%) 
measurements [73]. 

E-\-E Elektronik (Germany) manufactures the humidity/ temperature 
transmitter with the frequency output (EE05, EE 25 series) [74]. It provides 
a pulsed signal for both the humidity and the temperature. Every 
microprocessor system is able to read these data by simply counting the 
pulses without the expensive A/D converting. The measuring range is 
0 ^100% RH, the frequency range is 62.3 ^ 47.1 kHz and 12.5 ^ 9.4 kHz 
dependent on the type and the accuracy is ± 2% RH (for EE 25 series). 

Another humidity sensor was fabricated by Galltec (Germany). It is also 
the sensor with x(t) C(t) F(t) conversion. One application circuit with 
the frequency output for FE09/1, FE09/2 and FE09/4 humidity sensing 
elements is designed on the discrete components (5 ^ 95% RH 
corresponding to 54 ^ 47 kHz). The second application circuit with the 
frequency output for the same sensing elements is based on the IC 555 
(5 ^ 95% RH corresponding to 33 ^ 27 kHz and 3^2 kHz for FE09/I000 
sensing element). 

The Soil Moisture Smart Sensor from ONSET integrates the field-proven 
ECH20™ Sensor and a 12-bit A/D, providing ± 3% accuracy in typical soil 
conditions, and ± 1% accuracy with soil-specific calibration. Readings are 
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provided directly in volumetric water content. The sensor has relatively low 
sensitivity to salinity and temperature effects [75], 

Following to the modern trends, Swiss-based Sensirion AG has 
introduced a new generation of integrated, digital, and calibrated humidity 
sensor using CMOS micromachined chip technology [76]. The new product, 
SHll (Sensmitter), is a single chip relative and temperature multi sensor 
module with a calibrated digital output, which allows for simple and quick 
system integration. The device includes two calibrated microsensors 
(Figure 7) for relative humidity and temperature, which are coupled to an 
amplification, A/D conversion and serial interface circuit on the same chip. 




2 Sensor elements 
(humidity & 

A/D conversion 
Calibration 
Digital 



Figure 17. SHll (Sensmitter) 

(Reproduced from Control Engineering Europe, April/May 2002). 



The A/D conversion makes the signal extremely insensitive to noise. A 
checksum generated by the chip itself is used for additional reliability. Other 
advantage includes very short response times (4 sec at 1/e). The sensor chip 
can be connected directly to any microprocessor system by means of the 
2-wire interface [76]. The SH15, SHT75 series of the chip has increased 
accuracy up to ± 2 % RH [77]. 



4.7 Chemical and Biological Intelligent Sensors 

An academic/industrial UK LINK project is currently being out to 
develop the hand held electronic nose (H^EN) - an array of sensors 
simulating the human olfactory response. The approach described in [78] 
places the resistive sensor in the feedback loop of a ‘digital’ RC oscillator 
the output of which is a square wave with a frequency inversely proportional 
to the sensor resistance. The frequency measurement technique used (period 
counting) counts the number of cycles of the internal FPGA oscillator 
module Uo over a period equal to a fixed number of cycles of the sensor 
oscillator The current prototype H^EN uses an embedded EEAN SC400 
486SX microcontroller. In order to reduce the interference due to the noise 
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the acquired data are averaged by increasing ns until the noise performance 
becomes acceptable. This approach achieves two objectives: firstly, random 
errors due to noise tend to be minimised and secondly the resolution of the 
final measurement is improved. Both are achieved at the expense of the 
measurement speed. 

The Portable Electronic Nose PEN2 - intelligent chemical sensor for 
gases and gas mixtures - is manufactured by AirSense Analytics [79]. The 
detection of the gases is performed with an array of gas sensors. Single 
compounds or mixtures of gases can be identified after a training step by 
using the pattern generated by the sensors. 

The sensors constituting the array are selected for their chemical affinities 
and are typically based on chemisorbing polymer films. Many of the 
following sensors can be used, and a serial polling of each sensor reading 
creates outputs. In the ideal array response each output corresponds to only 
one analyse or chemical compound. One of such solid-state SAW sensors is 
described in [80]. This sensor is an uncoated, high-Q piezoelectric quartz 
crystal with the natural resonating frequency of 500 MHz. Its surface 
temperature is controlled by a small thermoelectric element that cools the 
surface to promote the vapour condensation and then heats it for cleaning 
between analyses. 

The added mass of the analyte condensing on crystal's surface lowers the 
vibration frequency in direct proportion to the amount of condensate. This 
frequency is mixed with a reference frequency, and the intermediate 
frequency (typically 100 kHz) is counted by a microprocessor. 

The acoustic gas sensor is described in [81]. In this sensor, the sound 
velocity is continuously measured with the high resolution in a gas-filled 
cell, by controlling the frequency of an oscillator via the transit time of the 
sound between an ultrasound transmitter and a receiver element. The 
circuitry for control, signal processing and communication is based on the 
microcontroller PIC-17C44. This microcontroller can handle frequency input 
signals directly, and also provides analog output signals by means of the 
pulse width modulation (PWM). 

Chemical signal domain sensors can be used not only for measuring 
different chemical quantities and compositions of mixed gases, but also for 
measuring such a "non-chemical" quantity like the rotation speed [82], for 
which measuring the electrical and magnetic signal domain sensors are 
usually used. Electrochemical oscillations have often been observed in iron 
immersed in the solution containing phosphoric acid and hydrogen peroxide. 
This oscillation has been interpreted by the cross linkage between 
electrochemical reactions and mass transport processes in the vicinity of an 
electrode. Therefore, the oscillation frequency is expected to reflect the flow 
rate around the electrode. A rod of carbon steel S50C was mounted in the 
rotating disc apparatus. The intersection of the rod rotated concentrically. In 
the mixture of 0.5M phosphoric acid and I.5M hydrogen peroxide the highly 
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stable electrochemical oscillation appeared. The amplitude of the potential 
change was about 600 mVp-p. The oscillating frequency was a sensitive 
function of the rotation rate in the range of 100 rpm to 2 000. 

Last five years the big attention was given to so-called intelligent 
biosensors (intelligent material-based sensors).It is high technology devices 
incorporating a biological sensing element either closely connected to, or 
integrated within, a transducers system [83]. The usual aim using a biosensor 
rather than any other sensor is to produce an electrical signal being 
proportional in magnitude or frequency to the concentration of a chemical or 
biochemical to which the biological element reacts. Biosensors combine the 
specificity and sensitivity of biological systems with the computing power of 
the microprocessors or microcomputers [83]. 

Biosensors represent a rapidly expanding field, at the present time, with 
an estimated 60% annual growth rate; the major impetus coming from the 
health-care industry (e.g. 6% of the western world are diabetic and would 
benefit from the availability of a rapid, accurate and simple biosensor for 
glucose) but with some pressure from other areas, such as food quality 
appraisal and environmental monitoring. The estimated world analytical 
market is about £12,000,000,000 year-1 of which 30% is in the health care 
area. There is clearly a vast market expansion potential as less than 0.1% of 
this market is currently using biosensors. Research and development in this 
field is wide and multidisciplinary, spanning biochemistry, bioreactor 
science, physical chemistry, electrochemistry, electronics and software 
engineering [84]. 



4.8 Multiparameters Sensors 

Modem micro-electro-mechanical and semiconductor technologies 
enable the integration of microelectronics circuits and multifunctional sensor 
arrays fabricated on silicon substrates for detecting of different kinds of 
chemical and physical parameters. Such sensors are called multiparameters 
sensors and represent the single constmction, allowing the perceiving of the 
set of physical or chemical quantities, which action is concentrated in a 
small, local area. It is not a simple unit of one-functional sensors, but rather 
its structurally advanced combination is created with the aim to reduce the 
chip area and share the usage of the digital or quasi-digital output, etc. 
Advanced sensors for detecting simultaneously of various parameters such 
as temperature, pressure, gas and vapour concentration, odour, acceleration, 
inertia, electric and magnetic fields, etc. can generate frequency-time domain 
output signals carrying the information provided by sensing elements. It 
must provide not only high signal-to-noise ratio in a wide dynamic range but 
also good cross-sensitivity. In general, the sensors consist of two elements: a 
detector and a platform that communicates with the detector through an 
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active interface with variable electrical, mechanical, optical, or chemical 
impedance. The platform must be able to generate output electrical signals 
carrying the information provided by the detector [85]. 

Modern silicon technologies offer many advantages in the design of 
multifunctional (multiparameters) smart sensors. It is expedient to have 
multi-sensor arrays in electronic noses and tongues as well as in medical 
implemented sensors; to join temperature, pressure and humidity detection in 
one multiparameters sensor for different environmental tests and a very 
broad range of applications (e.g. biotechnological, food industry, etc.). The 
perspective is also the creation of multifunctional sensing elements. 

The first multiparameters (multifunctions) sensors were a natural 
combination of temperature and pressure or temperature and humidity 
sensors in the single device. The temperature sensors have been used also for 
temperature error compensation. Some examples of such kind of sensors are 
here: SBE49 FastCAT CTD integrated temperature, conductivity and 
pressure sensor [86]; 9401-ADM smart sensor for temperature, RH and 
dew/frost points from Graftel Inc. [87]; AH31 (Sensmitter) - fully calibrated 
digital relative humidity sensor, temperature and dewpoint sensor from 
Sensirion [48]; Combined pressure and temperature sensor (WEPS) with 
analog, frequency or digital output from Read Group [88]; WX200/WM918 
temperature/humidity sensor [89], etc. 

Another example of multiparameters sensor is the MPS-D sensor from 
SEBA Hydrometrie GmbH for the simultaneous measurement of six 
parameters: pH-value, redox-potential, c, temperature, water level and 
dissolved oxygen [153]. The sensor has a digital output for connection to the 
data logger MDS (RS-232), directly to the PC, or to data transmission units 
(modem, radio-modem, etc). 



5. CONCLUSIONS 

The huge number of frequency-time domain sensors certainly is not 
restricted by the review adduced above. However, from this survey it is 
possible to draw the following conclusions. The rapid development of 
microsystems and microelectronics in a whole promotes the further 
development of different digital and quasi-digital smart sensors and 
transducers. Today there are frequency-time domain sensors practically for 
any physical and chemical, electrical and non-electrical quantities. The 
obvious tendency of the accuracy increasing up to 0.01 % and above is 
observed. These devices are working in broad frequency ranges: from 
several hundredth parts of Hz up to several MHz. The extension of their 
"intelligent" capabilities including the intelligent signal processing is traced. 

The process of miniaturization boosts the creation of multichannel, 
multifunction (multiparameter) one-chip smart sensors and sensors arrays. 
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More detailed information ean be obtained from the monthly updated 
Sensors Web Portal (http://www.sensorsportal.eom) in appropriate sensors 
seetions. 
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SELF-ADAPTIVE SMART SENSORS 



Sergey Y. Yurish, Nikolay V. Kirianaki 

International Frequency Sensor Association (IFSA) 



Abstract The chapter discusses classical (standard counting technique, indirect, 
interpolation and combined counting methods) and advanced (suitable 
for self-adaptive smart sensors) methods for frequency (period)-to-code 
conversion: reciprocal, ratiometric, constant elapsed time (GET), M/T, 
single (SB) and double buffered (DB), direct memory access (DMA), 
self-adapting methods of dependent count (MCD) and method with non- 
redundant reference frequency and methods for duty-cycle - to - digital 
and phase-shift - to - digital conversion. The comparative analysis is 
given. 

Keywords: frequency-to digital conversion methods; duty-cycle - to - digital conversion 
methods; phase-shift - to - digital conversion methods; method of dependent 
count (MDC); method with non-redundant reference frequency. 



1. INTRODUCTION 

One of the main parts of frequeney-time domain smart sensors is the 
frequeney (period, duty-eyele or time interval)-to-digital eonverter. This unit 
direetly influenees sueh sensor metrologieal eharaeteristies, as the aeeuraey 
and the eonversion time as well as the power eonsumption. In spite of the 
faet that the frequeney ean be eonverted into digit most preeisely in 
eomparison with other informative parameters of the signal, in praetiee, it is 
not a trivial task of simple time-window eounting. Besides, very often a 
eonsumer or a sensor manufaeturer is not an expert in the area of frequeney- 
time measurements. Let us eonsider most popular frequeney-to-digital 
eonversion diserete methods and give an analysis of metrologieal 
performanees, eonversion frequeney ranges and requirements for realization 
with the aim to admonish against mistakes by the ehoiee of this or that 
eonversion method. 
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2 . CLASSICAL FREQUNCY-TO-DIGITAL CONVERSION 
METHODS 

2.1 Standard Direct Counting Technique 

The frequency counting scheme according to the standard counting 
method for conversion of the average frequency during a fixed reference 
gate time is shown in Figure 1 [1-3], It is one of the most commonly used 
techniques for converting of the output of a sensor to a numerical quantity. 
Due to advantages and simplicity of implementation the method is still used 
today [4]. The rest circuitry, which must be used to reset the counter before 
the next gate period occurs, is not shown in this simplified diagram. 




Figure 1. Simplified Diagram of Standard Counting Method. 



The conversion method consists of counting a number of periods of the 

unknown frequency fx during the gate time (the reference time interval) To. 
The gate time is formed by dividing a reference frequency fo down to a 
suitable period. The output pulses of the sensor are simply accumulated 
during the time the gate signal is high. The result of conversion can be 
calculated by the following way: 

N. =T„/T. =T.f, , (1) 

If To is equal to one second, for instance, the output is equal to the sensor 
frequency f^. In common case, the converted frequency is determined 
according to the following equation: 







( 2 ) 
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The time diagram of the deseribed eireuit (Figure 2) shows that the 
absenee of synehronization of the beginning and end of the gate time To with 
pulses results in an error of the measurement; its absolute value is 
determined by values At] and At 2 . It is easy to see, that aetual time of 
measurement is 

To=N,.T. =N./f^=T„+At,-At, (3) 

therefore 

N, =T„.f.+(At,-At,)/T, (4) 

T« =N.T^ +At, - At, =N J. +At = N J. ±A, ( 5 ) 



Tx 




Figure 2. Time Diagrams of Direct Counting Method. 

Time intervals Ati and At 2 ean be ehanged independently from eaeh other, 
aeeepting values from 0 up to with the equal probability. Then the 
maximum relative quantization (diseretization) error eaused by the absenee 
of synehronization, will be 

-±— 

’ N, T„.f, 



( 6 ) 
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Without special measures the absolute error zl^ with maximal value does 
not exceed ± 1 count pulse, will be distributed according to the triangular 
law (Simpson's distribution law). 

The moment of the beginning of measurement can be synchronized with 
the converted frequency but the moment of the ending of measurement 
cannot be synchronized. The quantization error for this case may be 
determined from the equation (4), if Ati =0. Then the quantization error will 
be determined according to the following equation: 



6 . -- 



T f 



(V) 



The value can be reduced, if fx pulses are shifted compulsorily in a 
half-period in reference to the beginning of the gate time Tg. In this case 
Ati = Tx/2, and the quantization error will be determined 

f ( 8 ) 

In this case, the distribution of the methodical quantization error is the 
uniform symmetric (unbiased) law. 

It is obvious, that by the calculation of the gate time Tg according to the 
equation (5) its maximum value will be determined by the lower frequency 
fxmin of the conversion frequency range. The high range of frequency 
conversion is limited by the maximum pulse counter speed. 

By the direct frequency measurement, there are two most essential error 
components. These are the frequency reference error 4-e/ and the above 
considered, quantization error S^. 

The frequency reference error Sref is the systematic error, caused by 
inaccuracy of the initial tuning and the long-term instability of the quartz 
generator frequency. The casual component of the resulting error is 
determined by the short-term instability of the frequency fg. 

As known, the frequency deviation of the non-temperature-compensated 
crystal oscillator from the nominal due to the temperature change is 
(1 z- 50)' 10'^ in the temperature interval -55 z- -1-125 °C. This error's 
component may be essential in the measurement of high frequencies. For 
reduction of the systematic frequency reference error an oven-controlled 
crystal oscillator is used at which the maximal value of frequency reference 
error <5re/=10'^z-10‘* remains in the given limits for a long time. 

The maximum permissible absolute quantization error is 
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A = ±f„ = ± — 

q 0 ry, 

-*-0 



( 9 ) 



In turn, the limits of the absolute error of frequeney-to-digital eonverter 
based on the standard direet eounting method ean be ealeulated as: 



r 



- ± 



1 






Sreffx +~ 
V 



( 10 ) 



Limits of the relative error of sueh a frequeney-to-digital eonverter in 
pereent is 






Sref + 



t T, 



•100 



oy 



( 11 ) 



The quantization error depends on the eonverted frequeneies. It is 
negligible for high frequeneies above 10 MHz, grows at the frequeney 
reduetion and may reaeh an inadmissible value in the low and infralow 
frequeney range. For example, by the measurement of the frequeney 
^ = 10 Hz at gate time To = 1 s the quantization error will be 10 %. On the 
other hand in order to reaeh the reasonable quantization error of at least 
0.01%, a frequeney of 10 Hz will result in an inereased eonversion time up 
to To = 1 000 s. Effeetive methods of redueing quantization error in the 
standard direet eounting method are: 

a) multiplieation of eonverted frequeneies f^ vak times and subsequent 
measurement of the frequeney f^- k, that is redueed to inerease the pulse 
number inside the gate time; 

b) usage of weight funetions. 

Both ways result in some inerease of hardware or inerease in the ehip 
area for realization of the additional frequeney multiplier, inerease of the 
eonversion time by the realization of the weight averaging with the help of 
the mieroeontroller eore. 

One of the demerits of this elassieal method is the redundant eonversion 
time in all frequeney ranges, exeept the nominal frequeney. 



2.2 Indirect Counting Method 

The indireet eounting method [5-6] is another elassieal method for the 
frequeney-to-digital eonversion. This method is rather effeetive for the 
eonversion of low and infralow frequeneies. Aeeording to this method the 
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number of pulses of the high referenee frequeney fo is eounted during one 
or several n periods (Figure 3). 



To 



-> f 



Tx 



At, 



>4 At2 



Figure 3. Time Diagrams of Indirect Counting Method. 



Thus, the following number will be aeeumulated in the eounter: 

N, =n-T./T, =n.f„/f,, (12) 

where n is the number of periods T^. The number is equal to the eonverted 
period. By the same way, it is possible to eonvert the pulse width tp, or the 
time interval t between start- and stop- pulses into the eode. 

The number of pulses eounted by the eounter is determined by the 
number of periods To=l/fo during the time interval T^. Therefore the average 
value of Ty, is equal to: 



Tx-N, -T„ (13) 

In view of the absolute quantization error beeause of non-synehronization 

Tx = (Nx — 1)Tq + Atj + (Tq — At2 ) = NxTq + Atj — At2 = NxT^ + A^ (14) 

By synehronization of the referenee frequeney fo with the beginning of 
the eonverted interval T^, it is possible to provide Ati = 0. However, it is 
impossible to synehronize the ending of this interval in a similar way. 
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In order to have the result equals to the eonverted frequeney it is 
neeessary to ealeulate the ratio 



N 



fx 




(15) 



By using the mieroeontroller eore, this operation is earned out without 
any problems and in parallel to the eonversion proeess. It is also possible to 
use various funetional eonverters or digital integrators working in the mode 
of hyperbolie funetion modelling so that the eonversion results in units of 
frequeney. 

Commonly, the error of frequeney-to-digital eonverters of the periodie 
signal of any form based on the eonventional indireet eounting method is 
determined by the instability of the referenee frequeney, the quantization 
error and the trigger error due to internal and input signal noises. Trigger 
errors oeeur when a time interval of the measurement starts or stops too early 
or too late beeause of the noise on the input signal. There are two sourees of 
this noise: the noise on the signal being measured and the noise added to this 
signal by the eounter’s input eireuitry. 

The relative quantization error ean be ealeulated aeeording to the 
following equation: 



5 



q 



-^^•100 

n-fo 



(16) 



The quantization error ean be redueed by inereasing the referenee 
frequeney fo or n - numbers of eonverted periods T^. It inereases with 
inereasing number of eonverted frequeneies. Limits of the relative error of 
the frequeney-to-digital eonverter based on the indireet eounting method are 



- ± 



^ 1 8 ^ 

5- t ^TnggerError 

Oref + + 



V 



foT.n 



n 



J 



In turn, the trigger error ean be ealeulated as 



^ '^a/ (^ noise-input ) (^noise-signal ) 



^ TriggerError 



ST 



(17) 



(18) 



where S is the signal slew rate (V/s) at trigger point. At reetangular pulses 
with the wavefront duration no more than 0.5Tg the trigger error is equal to 
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zero. Such output signals are used in the majority of modern frequency 
output sensors. 

The quantization error of the frequency-to-digital converter using the 
indirect counting method also depends on the measurand frequency ^(16). 

From the given equations it follows, that the conversion of short time 
intervals causes the large quantization error. It can be reduced by three 
possible ways. Two of them are obvious direct solutions - increasing of the 
reference frequency fo and converting a greater number of intervals n 
accordingly. The first way require a high-frequency generator and counter. 

There is another conversion method, which reduces the quantizaton error. 
It is the co-called interpolation method, in which instead of an integer 
number of reference periods filling out the converted time interval, fractional 
parts of this period between the reference and the first counting pulse as well 
as the last counting and reference pulse are also taken into account [7]. This 
conversion method is illustrated in Figure 4. 

The first counting pulse during T„, is delayed relative to the period's 
wavefront for time Atu and the tail of and the next counting pulse 
appearing after the tail - for time At 2 . If it is possible to take precisely into 
account intervals Atj and At 2 , the quantization error would be excluded. The 
task of measuring the intervals Atj and At 2 can be solved in the following 
way. 

During the time interval Ati a capacitor is linearly charged, and then 
discharged in 1 000 times slowly. This interval is filled out by the same 
counting pulses and the number Ni is accumulated. The time interval At 2 is 
measured in the same way. As a result, the required time interval Tc is 
measured with absolute quantization error To' = T(/10\ which is equivalent 
to the filling by the counting pulses with a frequency in 1 0^ times more than 
fo. 

The speed of the indirect counting method is determined by the time 
interval and the latency of the new measuring cycle. The latency can be 
reduced by two times in the case of the pulse signal or up to zero by using 
two counters working alternatively. The indirect counting method is a 
method with a non-redundant conversion time. However, its main fault is a 
high quantization error in the medium and high frequency range. So, for 
example, for conversion of a frequency = 1 0 kHz and reference frequency 
fo= I MHz the quantization error will be 1 %. 




Sergey Y. Yurish and Nikolay V. Kirianaki 



59 




Figure 4. Time Diagrams of Interpolation Method. 



2.3 Combined Counting Method 

A modification of classical frequcncy-to-digital conversion methods is 
possible using the combined conversion method with adaptation possibilities 
according to the frequency range. In the middle and high frequency range the 
conversion is carried out according to the standard counting method and in 
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the low and infralow frequency range - according to the indirect counting 
method [2, 8]. 

The boundary frequency of adaptation at which methods are switched, is 
determined by the condition of maximum quantization errors (6) and (16) 
equality at n=\ and determined as 



f 

xbound 

Such a combination results in a number of properties, which expands the 
application of the combined method. The quantization error is essentially 
reduced at the ends of the conversion range of frequencies. With the increase 
of To the quantization error Sq is decreased, and /abound is shifted into the low 
frequencies. In turn, with the increase of fo the boundary switching frequency 
of conversion methods is shifted into the high frequencies. 

The combined frequency-to-digital conversion method may be easily 
realized based on a microcontroller. According to the initial data, the 
microcontroller determines the boundary frequency fxtound at which 
conversion modes will be switched, analyses the actual value of the 
converted parameter and forms the command for the mode change. The 
particular choice of the microcontroller will depend upon the required 
performance and the operating range as well as other system requirements. 
Performance factors such as the accuracy and measurement range depend 
upon available on-board peripherals and the operating speed of the 
microcontroller. 




3. ADVANCED AND SELF-ADAPTING FREQUNCY-TO- 
DIGITAL CONVERSION METHODS 

3.1 Ratiometric Counting Method 

In spite of the fact that today frequency can be measured by the most 
precise methods in comparison with others physical quantities, precise 
frequency-to-digital conversion with the constant quantization error in a 
wide specified measuring frequency range (from 0.01 Hz up to some MHz) 
and with non-redundant conversion time can only be realized based on novel 
methods of measurement for frequency-time parameters of the electric 
signal. This requires additional hardware costs and arithmetic operations: 
multiplication and division for calculation of the final result of conversion. 
Therefore, additional measuring (conversion) devices should be included in 
the microsystem. These include two or more multidigital binary counters, the 
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multiplier and the eode divider, logie elements, ete. There are some different 
design approaehes in this ease. In the authors' opinion, a sueeessful solution 
is the use of a mieroeontroller eore in sueh mierosystems. In this ease, with 
the aim to minimize the built-in hardware, it is expedient to take advantage 
of the program-oriented methods of measurement for frequeney-time 
parameters of signals. 

We shall first eonsider the idea of the original method of the diserete 
eount [4, 7], ealled the ratiometric counting method, whieh allows 
frequeney-to-digital eonversion with a small eonstant error in a wide 
frequeney range, we shall than eonsider how this method ean be realized. 

Let's assume, that the eonverted periodie signal is in the form of sine 
wave. By means of input forming deviee it will be transformed into a 
periodie sequenee of pulses, the period T„ of whieh is equal to the period of 
the eonverted signal. There are various deviees and prineiples for 
transformation of periodie eontinuous signals into a sequenee of reetangular 
pulses. 

Regardless of this sequenee the first referenee time interval (gate time) 
Toi is formed (Figure 5). It is filled out by Ni pulses of the periodie 
sequenee. The number Ni is aeeumulated in the first eounter. The eonverted 
frequeney f^' is determined aeeording to the following 





( 20 ) 



The frequeney deviation from the value fx is determined by the 
quantization error, the reduetion of whieh is the aim of this method. 

Simultaneously, the seeond gate time T 02 , is formed. Its wavefront 
eoineides with the pulse, appearing right after the start of the first gate time 
Toi, and the wavetail, with the pulse appearing right after the end of the first 
gate time Toi. Thus, the duration of the seeond gate time T 02 is preeisely 
equal to the integer number of periods of the eonverted signal, i.e. 

To2-Ni-T, (21) 



The wavefront and the wavetail of the formed gate time are synehronized 
with the pulses of the periodie input sequenee generated from the input 
signal, therefore the rounding error is exeluded. The seeond gate time is 
filled out by pulses of referenee frequeney fo, whose number is aeeumulated 
in the seeond eounter. 

The formula for ealeulation of the eonverted frequeney ean be obtained in 
the following way. The number of pulses, whieh have got into the seeond 
gate time, as ean be seen from Figure 5, is determined by the ratio 
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hence 



N2-N,.TjTo^N,-fo/f, 




( 22 ) 

( 23 ) 



where fo is the reference frequency. This can be done in a PC or a 
microcontroller core along with the offsetting and scaling that must often be 
performed. 



Tx 




Figure 5. Time Diagrams of Ratiometric Counting Method. 

The accuracy of the frequency measurement is determined by the 
quantization error of the time interval 
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Let's withdraw the equation for the relative quantization error Sq for the 
frequeney-to-digital eonversion. First of all we shall determine the maximum 
value of the relative quantization error for the time interval Tq 2 =N]Tx. As this 
interval is fdled out by eounting pulses with the period To, the maximum 
absolute error is A 2 = ± To, and the maximum relative error is; 



S2 



U |_ u 

T ~ N • T 

^02 ^^1 ^ X 



(24) 



The equality A/Tc = T 02 can be presented as/( = N 1 /T 02 . Then aeeording to 
mles of the error ealeulation for indireet measurements the measurement 
error of the funetion is eonneeted with the measurement error of the 
argument T 02 by the ratio (with the aeeuraey of the seeond order of 
smallness): Sq = S 2 . After substitution the Sj from (24) we shall reeeive 



5 



q 



T 



Ni-T. 




(25) 



Aeeording to the standard direet eounting method it is possible to write 
the equality Toj = Nj/fx’. Substituted the relation fx’/Nj = 1/Toi, into (25) 
instead fx/N i we obtain 



(26) 

^01 ^0 ■ ^01 

This formula let us draw the eonelusion that the maximum value of the 
relative quantization error for the frequeney-to-digital eonversion for this 
method does not depend on eonverted frequeneies and, henee, is eonstant in 
all eonversion ranges of frequeneies. 

For the referenee frequeney fo= i MHz and the first gate time Toi =ls the 
maximum value of the relative quantization error will he, Sq = ± 10 '"^ %. 

If, by the measurement of the time interval Tq 2 =NiTx using the 
interpolation method, eonsidered in 2.2 with the same frequeney and gate 
time we obtain Sq = + 10 '^ %. 

Finally, we eonsider the bloek diagram of the eonverter (Figure 6), whieh 
realizes the frequeney-to-digital eonversion aeeording to the eonsidered 
ratiometrie eounting method. 

It eontains two eounters and a D-trigger eloeked by the sensor output. All 
eounter funetions ean be provided by the eounter/timer peripheral 
eomponent, whieh interfaees to many popular mieroeontrollers. 
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Figure 6. Ratiometric Simplified Counting Scheme. 



This method can also be used for the period (T^- to-code conversion. 
Thus, the period is calculated according to the following formula 



N. 



N, 



(27) 



The main demerit of the considered conversion method is the redundant 
conversion time. 



3.2 Reciprocal Counting Methods 

A variations of the method described above is the reciprocal counting 
method (Figure 7). The cyclicity of the conversion cycle Tcyde is determined 
by the reset pulse. The beginning of the counting interval Tcoum coincides 
with the next pulse of sequence fx, appearing after the ending of the ‘Start’ 
pulse, and the end coincides with the next pulse fx, appearing after the ‘End’ 
pulse [9]. The frequency is calculated during the interval Tcaic- 

The frequency or the period are calculated similarly as described above 
according to equations (5.4) and (5.1 1) accordingly. The quantization error is 
calculated according to the following: 



5 
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count 



(28) 
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Figure 7. Time Diagrams of Reciprocal Counting Method. 



However, in this method, the value of the first gate time Tcoimt can be 
determined only approximately. Having set the eonversion eyele equal to 1 s, 
it is possible to assume only roundly, that T count = Is. It is a little bit 
ineonvenient for engineering ealeulation of the quantization error 5^. 

This method has the same demerit like the ratiometrie eounting method - 
the redundant eonversion time. 
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3.3 M/T Counting Methods 

The so-called M/T counting method, which also overcomes demerits of 
conventional methods (standard direct counting method and indirect 
counting method) and achieves high resolution and accuracy for a short 
detecting time was described in [10]. 

Time diagrams of the M/T counting method is shown on Figure 8. The 
detecting time Tq 2 is determined by synchronizing the generated output pulse 
first after a prescribed period of time Toi. 




Figure 8. Time Diagrams of M/T Counting Method. 

It is easy to notice, that the M/T method differs from the above described 
ratiometric counting method by the synchronization of the first reference 
time interval Toi with the pulse of the converted frequency fx. The converted 
frequency or the period are determined similarly according to equations (23) 
and (27). The quantization error does not depend on the converted frequency 
and is constant in all frequency ranges. 

The detecting time is calculated by the following formula: 

To2-To,+AT (29) 

The method uses three hardware timer/counters. One of them works in 
the timer mode in order to form the first time interval Toi, the rest are used in 
the counter mode. 
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The M/T method has the same demerit as the previous two methods - the 
redundant eonversion time. 



3.4 Constant Elapsed Time (CET) Method 

The Constant Elapsed Time (CET) method is another advaneed method 
with the eonstant quantization error in a wide speeified eonversion frequeney 
rage [11]. Like the M/T eounting method, the CET method is based on both 
eounting and period measurements. Both measurements starting at a rising 
edge of the input pulse. The eounters are stopped by the first rising edge of 
the input pulse oeeurring after the eonstant elapsed time Toi. For its 
realisation the method uses two software timers with two hardware 
timer/eounters inside the mieroeontroller. 

In order to eliminate repetitive starting and stopping eounters that require 
a reinitialization, the time eounter run eontinuously and the pulse eounter is 
read at the end of eaeh time interval. This method has the same demerit: the 
redundant eonversion time. 



3.5 Single and Double Buffered Methods 

The single buffered (SB) method is based on both pulse eounting and 
measurement of the fraetional pulse period before the interrupt sample time 
[12]. Instead of repetitive enabling/disabling of the eapture register funetion, 
this funetion is always enabled. Eaeh rising edge of the synehronized input 
pulse f stores the eontent of the timer in the timer eapture register. The same 
pulse is the eloek for the pulse eounter. The interrupt requests are generated 
using the interval timer, without any link to the pulse rising edges. 

The time differenee N 2 in this method is determined using the differenee 
between two readings of the eapture register during the eurrent and previous 
interrupt serviee routine aeeordingly. 

The pulse differenee Ni is determined using the differenee between two 
readings of the pulse eounter during the eurrent and previous interrupt 
serviee routine aeeordingly. 

The frequeney f is determined using the pulse differenee, the time 
differenee and the eloek frequeney To of the timer as (23). 

Eaeh frequeney-to-digital eonverter eonsists of a free running timer with 
a timer eapture register, a pulse eounter and an interrupt generator. The 
hardware eomplexity for sueh a system, using a software timer instead of an 
interval timer, is similar to that of the CET method. Hardware for the SB 
system is available in some mieroeontrollers. 

The SB method has the following disadvantages [12]: 
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1) The reading of the timer eapture register ean be erroneous, if the 
reading is performed during the store operation of the eontent of the 
free running timer. The other problem oeeurs if the reading of the 
pulse eounter is done during eounting. Both problems require the 
synehronization hardware. 

2) The rising edge of an external pulse at the time interval between the 
reading of the timer eapture register and the reading of the pulse 
eounter will eause the inadequaey of the eontent of the pulse eounter 
eompared to the neeessary eontent. This is a souree of a numerieal 
error, espeeially during the low frequeney measurement. 

The eonverter based on the double-buffered (DB) method eonsists of an 
interval timer with an assoeiated modulus register, a timer eapture register, 
an additional eapture register and a pulse eounter with the eounter eapture 
register. 

The problems of the SB method are inherently solved using 
synehronization with the rising and falling edges of the system eloek. The 
maximum measured frequeney for the DB method is limited by the 
synehronization logie. The equivalent hardware eomplexity for both methods 
is similar, beeause of the free running the timer eonsists of the register and 
assoeiated logie. The maximum measured frequeney for the DB method is, 
however, not limited by the software loop but only by the hardware. 

The measurement error for the SB and DB methods is eaused by the 
synehronization of the pulse signal. The worst-ease error is eaused by 
missing one eount of the system eloek fo. The lower error limit of the SB and 
DB methods is the same as the error limit of the ratiometrie, reeiproeal, M/T 
and CET methods, while the higher error limit of the SB and DB methods is 
twiee as mueh as the error limit of these methods. Like all mentioned 
methods SB and DB methods also have the redundant eonversion time in all 
speeified eonversion frequeney ranges exeept the nominal frequeney. 



3.6 DMA Transfer Method 

The Direct Memory Access (DMA) method [13], provides an average 
frequeney measurement of the input pulses, based on both pulse eounting 
and time measuring for eonstant sampling time. The time is measured by 
eounting pulses of the referenee eloek with the frequeney fo in a free-running 
timer. Eaeh rising edge of the input pulses aetivates a DMA request. The 
DMA eontroller transfers the eontent of the free-running timer into the 
memory (analogous to the timer eapture register in the SB method) and 
deerement the DMA transfer eounter (analogous to the pulse eounter in the 
SB method). After eaeh eonstant sampling time, the interval timer generates 
an interrupt request to the mieroeontroller, whieh reads the eontents of both 
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the DMA transfer eounter and the memory in an interrupt routine. The 
measured frequeney is ealeulated as (23). 

Due to some speeifie errors for the DMA method the maximum error is 
greater than the error of all the above deseribed advaneed eonversion 
methods (sometime more than 10 times greater) in the ease of the 
eoineidenee between an input pulse and the exeeution of the longest 
mieroeontroller instruetion, just prior to reading in an interrupt routine. 



3.7 Method of Dependent Count 

The Method of the Dependent Count (MDC) was proposed in 1980 [14]. 
It eombines the advantages of the elassieal methods as well as the advaneed 
methods ensuring a eonstant relative quantization error in a broad frequeney 
range and at high speed. It is suitable for a frequeney eonversion in a wide 
frequeney range: from parts of Hz up to several MHz with the eonstant, 
beforehand given, quantization error and non-redundant eonversion time. 
This method is the most perspeetive method for applieation in self-adaptive 
smart sensors. 

One of the essential advantages of the MDC is the possibility to eonvert 
the frequeney f > fj. In this eonneetion we shall use the following 
denotations for the dedueting of main mathematieal formulas: F is the 
greater of the two frequeneies f and /»; / is the lower of the two frequeneies 
fx and/o. 

The time diagram of method is shown in Figure 9. The method eonsists in 
the following. With arrival of the impulse of signals with the lower 
frequeney / (this eorresponds to the moment C in Figure 9), the eounters start 
to ealeulate the impulses of both signals. The number of impulses A;, stored 
in the up-down eounter, whieh ealeulates the impulse with the frequeney F, 
is eompared with the number Ng. This number is set up previously in the 
eounter by the mieroeontroller. At some moment of time (this eorresponds to 
the moment C in Figure 9), when the number of impulses, ealeulated by this 
eounter, will be Ng e. g. A, = Ng with the arrival of next impulse (after the 
moment C) with the lower frequeney / (moment C), the impulse eount will be 
stopped. The number of impulses (of signal of lower frequeney f) eounted by 
one of the eounters is n, and the number of impulses (of signal of higher 
frequeney F), eounted by the seeond eounter, is A =N§ + AN. The 
eonversion time C always equals to an integer number of periods of a signal 
with the lower frequeney f. 



n 



t 



X • n 



f 



(30) 
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Figure 9. Time Diagrams of the Method of the Dependent Count. 



This interval can be given also as: 



tx -T-N 



Ng + AN 

F ~ F 



-+ AN 



•T 



(31) 



From the equations (30) and (31) follows, that f=F (n/N) or F = f (N/n). If 
the measured frequency fx is lower frequency, e.g. fx=f and reference 
frequency fo is high (fo = F), that 



or 





(32) 



when fx=F and fo =f 

The microcontroller calculates the tin kn own frequency from the 
equations (32). The program for calculation is determined by the command, 
which to be prepared on the basis of earlier entered into the microcontroller 
information which from the frequencies is lower. 

For the period r or T, the conversion is carried out similarly. The 
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microcontroller calculates it values from the following equations: 



or 





(33) 



The quantization error for considered conversions caused by that, the 
interval (conversion time) is not equal to the interval, which is determined 
by the integer number N of periods of a signal with high frequency, e.g. 

t ^ ^ N • T N/F (34) 

At change of the lower frequency in known limits, the interval will be 
changed (or, on the contrary, will be changed the N/F at change of higher 
frequency). It will result in change of the number of impulses N from 
AN = 0 up to AN^ANmax calculated by the counter. Here AN^ax is the 
number of impulses in the interval Atxmax = r. Taking into account the fact, 
that the period of these pulses is equals to T, the following equation will be 
true: 



AN 



max 



^ _ F 

T - f 



(35) 



The maximum quantization error arises in that case, when the number 
of impulses N counted by the counter is minimum and equal to the Ng (one 
of frequencies is changed). Then 



5 



max 



1 _ 1 
N ^ 



(36) 



Hence, the maximum error is determined by the value Ng only and 
practically does not depend on the measured frequency. The minimum value 
of the error will be at A = N^ax- But as N„ax = NgY ANmax, then 



O 

^ min 



1 



N 



N + AN 



(37) 



With the aim to compare the method of the dependent count with the 
standard counting methods as well as with other advanced methods for the 
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frequency-to-digital conversion let us determine the coefficient of variation 
for the quantization error a = mm for these methods. 

So, for the method of the dependent count if is lower of two 
frequencies (fx= f), and fo is greater of the frequencies (fo = F), i.e.fx < fa, 
from the equations (36), (37) and taking into account the equation (35) we 
will have 



or 



AtX>/o 



a = 



Na+AN, 

N, 




F 

7 



a, = 1 H 

N, 




tt2 




fx 

fo 



(38) 



(39) 



(40) 



Let's determine, in how many times the quantization error will be varied 
by the measuring frequency fx = 2 Hz, if fo = 10® Hz and Ng = 10® 
{S= 10'® • 100 % = 0.0001 %). From the equation (39) we shall receive 



ttj = 1 + 



1 10 ® 



10 ® 



-1.5 



i.e. the greatest error S^ax =1/Ng= 10'® , and the lowest S,„i„ = 0.67 • 10'®. As 
the greatest quantization error for the method of the dependent count is 
constant for any measurand, it is possible to characterise the possible range 
of variation of this error in the specified measuring range of frequencies by 
the coefficient of variation a. From this example follows, that the error 
variation is not more than 1.5 times in the frequency range 2 ^10® Hz (by 
this, the time of the measurement is constant for the given quantization 
error). By the usage of the standard direct counting method or the indirect 
method measuring period, the variation of the quantization error will be 
500000 (at the same time of measurement). 

The method of dependent count has the highest speed at measurement for 
all frequencies from the frequency range and consequently, allows reducing 
essentially the dynamic error. 

According to (3 1) the maximum time of conversion is 
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Nj + — 

X ^ 

^ 0 

in the case, when fx < fo and 

Ng + — 
5 ^ 

J- n 



(41) 



(42) 



Thus, with the aim to cover a lot of existing smart sensors, working in 
various parts of frequency range, the following size of variables changing 
were used: /^s [0.1^10 000 000] Hz; f„ e [100 000^1 000 000] Hz; 

e [1 000 10^] (it is corresponds to the size of given quantization error 

changing from 0.1 up to 10'^ %; AN e [0 ^ ^max]- The plot of modelling 
results of function tjt=cp (N^ fx,fo) in the wide frequency range from 1 Hz up 
to 10 MHz at relatively high accuracy of conversion Ng=10^ (the 
quantization error does not exceed 10'"^ %) is shown in Figure 10 [15], 




Figure 10. Modelling Result of tx=cp (Nj, fx_ fo) Function at Ng= 10®; fo= 100 000 10® Hz; 

fx = l ^ 10 000 000 Hz. 



This example illustrates one more essential advantage of the method of 
dependent count - an opportunity to convert frequencies exceeding the 
reference frequency fx ^fo- Besides, the given example testifies about the 
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necessity to use the high reference frequency only in low and infralow 
ranges. This opens a prospect for the adaptive control of reference frequency 
during the conversion that results in reduction of power consumption in 
smart sensors. 



3.7.1 Examples 

Let it is necessary to convert the frequency ft = 2-10"' Hz at fo = 10® Hz 
and Na = 10® (5=10’"' %). According to the method of dependent count the 
maximum conversion time is 



t 



X 



10 ® 



10 ® 



2 - 10 ' 



10 ® 



Is 



In turn, according to the standard counting method, the time of 
measurements necessary for the same accuracy is calculated according to the 
following formula: 



t 



X 



1 Ns 

5-fx fx 



10 ® 

2 - 10 " 



= 50s 



Let's consider the conversion of same frequency, but with the help of 
indirect counting method. In spite of fact that it is a conversion method with 
non-redundant conversion time on the nature, in order to have the required 
quantization error for the given frequency range it will be necessary to 
convert much more than one periods of fx. 



Nt 



fx _ fx-Na _ 2-10^-10® _, 4 

fo-5 fo 10® 



In this case, the conversion time will be calculated according to the 
following formula: 



tx-N,-T, 



2 - 10 " 

10" 



= 2s 



The usage of other advanced conversion methods with the fixed 
conversion time, for example, ratiometric, reciprocal, GET, M/T, DMA, etc. 
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methods also demands to inerease the eonversion time like to the standard 
eounting method - up to 50 s. 

In other words, the time of measurement for the method of dependent 
eount is non-redundant in all speeified measuring range of frequeneies. In 
the standard eounting method and modem advaneed, the time of 
measurement is redundant, exeept the nominal frequeney. Moreover, for the 
method of dependent eount the time of measurement ean be varied during 
measurements depending on the assigned error. 



3.8 Method with Non-Redundant Reference Frequency 

Modem integrated one-ehip smart sensors are very sensitive to power 
eonsumption. Taking into aeeount a very high degree of integration of sueh 
embedded systems and different wireless applieations, the power 
eonsumption beeomes a eritieal parameter. 

Smart sensors are highly programmable and based on embedded 
mieroeontrollers or its eores. The aetual power-supply eurrent depends on 
many faetors. One of them is an operation frequeney. The power 
eonsumption of the deviee is direetly proportional to the system eloek. The 
power dissipation in CMOS integrated eireuits is given by the following 
equation [16]: 



Pavg-Vi,-C-f,i,, (43) 

where Vdd is the supply voltage, C is the average switehed eapaeitanee per 
eloek eyele, and fdc is the eloek frequeney. If the eloek speed doubles, the 
eurrent doubles. It is evident from (43) that a large improvement in power 
dissipation ean be aehieved by sealing down of Vdd. However, as mle, the Vdd 
as well as C is fixed for the eonerete eireuit design. 

Obviously, power ean be saved by operation the deviee at the lowest 
eloek speed possible that still meets the speeifieation for the deviee and the 
requirements of the applieation. But this eondition is eontradieted with the 
requirements of high aeeuraey and speed. There is a strong tension between 
the need for both high metrologieal performanees and minimal power 
eonsumption in low-power smart sensor embedded systems. So, the 
quantization error for frequeney and time measurements (eonversions) is 
inversely proportional to the referenee frequeney, formed by the system 
eloek. Henee, sealing down of the eloek frequeney is assoeiated with 
redueed performanee. 

However, smart sensors are deviees with intelligent eapabilities. It is also 
ineludes a self-adaptation. So, smart sensors should support therefore the 
flexible eloeking. So, dependent on eonditions of measurement when high 
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conversion accuracy is not required, the clock frequency should be reduced 
with the aim to reduce the power consumption. On the other hand, if 
conditions of measurement demand a high precision accuracy the clock 
frequency should be increased during a certain time interval, with the aim to 
reduce the dominant error of conversion for frequency-time parameters - a 
quantization error. For realization of such possibilities, it is necessary to use 
novel so called frequency-to-digital conversion method with non-redundant 
reference frequency [17]. Hence, a technique to improve performance has to 
be considered along with the clock frequency scaling. 

In the quest for low power and high metrological performance, a flexible 
clocking might be the best solution. The essence of the method with non- 
redundant reference frequency consists in the following. The embedded 
microcontroller or arithmetic unit calculates the value of necessary reference 
frequency according to the given quantization error dgf. 




where k = l/Tg = const {To is the first reference gate time). Both the 
reference frequency foi, which is received by division/multiplication of the 
clock frequency fdc and the measurand frequency are calculated by the 
counters CTi and CT 2 accordingly. The conversion time is equal to the 
integer number of periods of frequency f^. The time diagrams of method are 
the same as for the ratiometric counting method [4]. The frequency is 
calculated similarly to any of advanced frequency-to-digital conversion 
method: 



f =^f 



The quantization error does not exceed the beforehand given: 

gi T .f ’ 



(45) 



(46) 



Similarly to any advanced frequency-to-digital conversion method, this 
method ensures the constant quantization error in the whole specified 
measuring range of frequencies - from infralow up to high frequencies. 
Besides that, the reference frequency foi is non-redundant and determined by 
the given error of measurement Sgi 

The modern achievement in microelectronics and the usage of program- 
oriented conversion methods [8], the realization with minimum hardware is 
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possible. As on-chip capacitances are much lower than off-chip 
capacitances, it is good to implement as much of the sensor as possible on a 
single chip [18]. The MSP430 16-bit RISC ultra-low power consumption 
20-pin version of the new microcontroller family for metering application 
from Texas Instruments [19] is most appropriate for realization of such 
conversion method for programmable smart sensors. These microcontrollers 
have performances, which render it suitable for low-power embedded 
applications like smart sensors. First of all, it is the flexible clocking. The 
microcontroller can also operate with a low voltage from 1.8 up to 3.6 V. 

The system clock frequency /system in this microcontroller depends on two 
variables: 



f 



system 



N-f, 



crystal ’ 



(47) 



where N (3^127) is the multiplication factor; /crystal is the frequency of 
crystal (normally 32768 Hz). The normal way to change the system clock 
frequency is to change the multiplication factor N. The System Clock 
Frequency Control register SCFQCTL is loaded with (N-l) to get the new 
frequency [19]. 

Figure 11 shows the possible smart sensors architecture based on the 
MSP430 microcontroller. 




Figure 11. Smart Sensor Architecture based on MSP430 Microcontroller 
(5 -sensing element,’ SC - signal conditioning). 



The frequency signal can be connected to any of the eight inputs of PortO 
and counted via the external interrupt. If the frequencies to be measured are 
above 30 kHz then the Universal Timer/Port or the 8-bit Interval 
Timer/Counter may be also used for counting. The first gate time is formed 
by the Basic Timer. Although the timer, as rule, runs independently of the 
CPU, the speed of the timer is still based on CLCOUT. Consequently, the 
current requirement of the timer changes with processor clock speed just as 
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Other functions do. The current use of the timer also depends on its activity. 
The more frequently the timer reloads, the higher the operating current is. 

The function of Pavg ^ <P(S) for adaptive method 1 with non-redundant 
reference frequency and any of advanced methods 2 at the gate time 
To = 0.1 s is shown in Figure 12. 




Figure 12. The Dependence of Pavg^l>(d) for Adaptive Method with Non-redundant 
Reference Frequency (1) and any of Advanced Method (2) at To = 0.1 s. 



Due to the redundant and constant reference frequency in the last case, the 
power consumption is essentially higher. 



3.9 Comparison of Methods 

For choice of methods frequency-to-digital conversion, it is expedient to 
prefer one that has high metrological characteristics and simple realization 
by its universality. The main performances of all the methods considered 
above are adduced in Table 1. Here number 1 is the indirect counting 
method (period measurement); 2 is the standard direct counting method 
(frequency measurement); 3 is the ratiometric counting method; 4 is the 
reciprocal counting method; 5 is the M/T counting method; 6 is the constant 
elapsed time (CET) method; 7 is the single buffered method and the double 
buffered method; 8 is the DMA transfer method; 9 is the method with the 
non-redundant reference frequency; 10 is the method of the dependent count. 

As it can be seen from the table, the majority modem advanced counting 
methods overcame the demerit inherent to classical conversion methods. 
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Namely, it means the ineonstaney of the quantization error in all speeified 
ranges of eonverted frequeneies. However, most of them (methods with the 
eonstant eonversion time as well as with the slightly varied eonversion time) 
have a redundant eonversion time for all frequeneies, exeept the nominal 
one. The exeeptions are the method of the dependent eount and the elassieal 
indireet eounting method (period measurement). Only one of methods, 
namely the method of the dependent eount measures the frequeney fx > fo, 
and only one method, namely the method 9 has the non-redundant referenee 
frequeney. 



Table 1. Main Performances of Methods for Frequency-to-Digital Conversion. 



Method 


Quantization 
Error, Sg 


Conversion 

Time 


Conversion 
Range, Df 


Calculation 
of Result 
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To 
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fx<fo. 


f -N. ,f 


1 + 1.5 


T *f 
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10. 
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Ng+AN Nj 
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f -^.f 


1 + 1.5 




f ” f 
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The relation between the maximum relative error and the frequeney of the 
input pulses for main eonversion methods is shown in Figure 13. 
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Figure 13. Relation Between the Maximum Relative Error 
and Frequency of the Input Pulses. 



4. DUTY-CYCLE -TO -DIGITAL CONVERSION 
METHODS 

A duty-cycle output signal is widely used as informative output signal for 
different quasi-digital sensors (Figure 1.2). For example, there are the 
temperature sensors SMT160-30, TMP04, MAX6666/67, accelerometer 
ADXL202E and KXG20-L20 accelerometer inclinometer, optical sensors 
humidity sensors, etc. [20]. All these sensors produce an output that is a 
duty-cycle modulated quasi-digital signal. Such kind of signal can be easily 
interfaced with modern microcontrollers. In comparison with a frequency 
output signal the duty-cycle is rather immune to interfering signals, such as 
spikes [21], and the ratio does not depend on the absolute value of any 
component [22]. 

Various methods exist to measure duty-cycle of an impulse signal. For 
example, some simple PWM A/D converter can use the classical approach: 
to measure the pulse width and period of signal, then calculate the ratio: 
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where is the pulse width, is the period of pulse signal. Main error’s 
eomponents are quantization errors for pulse width and period. Both 
eomponents ean be big enough. If a high aeeuraey is needed, a very high 
eloek frequeney should be used. The result also depends on the frequeney 
/x = i/Tx. 

Another approaeh to measure a duty-eyele is to take random samples of a 
digital signal (random-sampling method) [23]. The method ean be realized 
very easy by program-oriented way. But this method is suitable only for low- 
resolution eonversions for whieh the neeessary resolution is a maximum of 9 
bits. 

A new method of reading the time-domain sensor signals is deseribed in 
[24]. It ean eliminate the part of quantization error without inerease of eloek 
frequeney. The method uses the internal eloek frequeney as 2^ times of the 
signal frequeney. So, it means that doesn’t ehange with the sensor output 
signal. However, very often, the frequeney (period) of signal is ehanging. In 
this ease this method eannot be used. 

The novel proposed method [25] is based on the determination of average 
pulse width and average period during the eonversion time T^. The last one 
is determined by the beforehand given quantization error d and equals to the 
integer number of periods. Due to this, the eomponent error by reason of 
non-multiplieity of eonversion time and period is eliminated. The time 
diagrams of the method are shown in Figure 14. 

At the beginning of eonversion the given relative error djx = 1/Ng is set 
up. The beginning of Tq is eoineided always with the wavefront of first pulse 
with txi duration, and the wavetail - with the Tnx+i pulse. Henee, the 
requirement of the method of the dependent eount [14] - the multiplieity of 
number of periods 7) to the eonversion time 7? is fulfilled. The numbers 
Nvc=Ng tx/To and Ntx =Ng Tx/Tq are eounted by two eounters during the 
eonversion time 7? The duty-eyele is ealeulated aeeording to the following 
equation: 



N 



D.C. 



N 

N- 



XX 



Tx 



Ia - D.C. 

Tx 



(49) 



With the purpose to determine the relative quantization error, having 
ealeulated the full differential of the equation (48), proeeeded to the final 
inerements and relative units, we shall reeeive the following equation: 
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Figure 14. Time Diagrams of Novel Method for Duty-cycle - to - Digital Conversion. 



Sac ~ 



Ax, 



AN^ 

'n7^ 



AN,, 

Na-T, 



•To = 



Ng-fo 



AN„ AN, 



(50) 






Without the usage of any advaneed eonversion methods, the AN„ and A/Vn 
are equal to ± 1 . However, using the prineiple ineorporated in the method of 
the dependent eount [14], the eonversion interval ean be ehosen by multiple 
to the period of input signals. Henee, in this ease the ANtx = 0. Then the 
quantization error will be ealeulated aeeording to the following equation: 



Sac. ^ 



Ng -fo 



• 100 , 



(51) 



As it is visible from this equation, the quantization error does not depend on 
the eonverted frequeney of signal and is determined basieally by the pulse 
width Tx. The dependenee of Sd.c =f(i^x) for this advaneed duty-eyele - to - 
digital eonversion method is shown in Figure 15. 
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Figure 15. Dependence of Sr>_c =f( rd for Advanced Conversion Method. 



5. CLASSICAL PHASE-SHIFT - TO - DIGITAL 
CONVERSION METHODS 

The phase shift {(p^) - to- digital eonversion ean be redueed to the 
eonversion of the time interval 4 on whieh two periodie sequenees of pulses 
with the period [7] are shifted. 

The essenee of the elassieal widespread method of the phase-shift - to - 
digital eonversion eonsists in the following. Sinusoidal voltage Vi and V 2 , 
the phase shift between whieh it is neeessary to measure are eonverted into 
short unipolar pulses (Figure 16). The strobing pulse is formed from the 
first pair of pulses 1 and 2. It is filled out by the referenee frequeney pulses 
fo. The number of pulses eoming into the eounter during the interval ty. 

n - fo ■ t, (52) 

A strobing pulse, equal to the period of the eonverted sinusoidal voltage, 
is formed in parallel. This pulse is also filled out by the referenee frequeney 
pulses fo. The number of eounted pulses during the period is: 

N-fo-T, (53) 

The phase-shift is ealeulated aeeording to the following equation 
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Figure 16. Time Diagrams of Method for Phase Shift-to-Digital Conversion. 



The microcontroller core embedded in a smart sensor allows the choice 
of period necessary to determine the phase shift as well as to observing 
phase shifts fluctuations. There is also the possibility to convert average 
phase shifts during q periods. 

However, by using this method for the phase shift-to-code conversion, 
high accuracy can be achieved only in low and infralow frequency ranges. In 
order to increase the conversion resolution and accuracy, the interpolation 
method, a method based on multiplication by fx of the time interval 
proportional to the converted shift, or multiplication of the reference 
frequency fo by fx can be used. 

Example: At Atp^ =0.1° and To= 10'° (/o= 1 MHz) the greatest possible 
frequency of the converted signal should not exceed fxmax= Til .11 Hz. The 
low frequency is not limited. 

Another classical method of the phase shift-to-digital conversion consists 
in the phase shift conversion for some periods during the constant 
conversion time Tcyde- Thus, the high converted frequency considerably 
extended; however, the conversion time will be increased. 
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6. ADVANCED PHASE-SHIFT - TO - DIGITAL 
CONVERSION METHODS 



The phase shift (p^ between two periodie sequenees of pulses with the 
period ean be eonverted by the method of coincidence [26], Time 
diagrams of the method are shown in Figure 17. In this ease the number Ni 
pulses with the period To and the number TV/' pulses of the first sequenee 
between eoineident pulses of these sequenees is eounted. Then 

N, •To-N;-T, (55) 




Figure 17. Time Diagrams of the Method of Coincidence 
for Phase Shift-to-Digital Conversion. 



Similarly, the number N 2 of pulses To and the number Nf of the seeond 
sequenee with the period T^, shifted on the and taking plaee between the 
first moment of eoineidenee of the first pair of pulses and the nearest 
moment of eoineidenee of the seeond pair of the pulse are eounted. Then 

N^-To-N^-T^+t, 



(56) 
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From these two equations, we reeeive the formula for the phase-shift 
ealeulation: 



9x = 



N, 



360 



and for the converted time interval; 



t^ = 






N. 



• T 

j- A 



(57) 



(58) 



The analysis of equations (57) and (58) shows, that (p^ and do not 
depend on the period 7). Conversion errors will be determined mainly by 
pulses duration only. For reduetion of these errors, the method of forming of 
pulse paekets of eoineidenees ean be used. Thus, the absolute error of 
measurement for C can be redueed up to 0.5-10‘'^s and the absolute 
eonversion error for the phase shift - up to 0.05° at 1 MHz. 

The eonsidered above method of eoineidenee has the following 
disadvantages: the diffieulty of exaet indieation of eoineidenees, and also the 
eomplexity of subsequent proeessing for result (three operations of 
multiplieation, one division and one subtraetion). In turn, it results in the 
inereased eonversion time. 

In order to eliminate the mentioned disadvantages, the advaneed method 
for phase-shift - to - digital eonversion suitable for the usage in smart 
sensors and systems has been proposed [27]. The method is based on 
determination of average time interval and average period during the 
eonversion time, multiple to the period of signal 7). Due to this, the error by 
reason of non multiplieity of eonversion time T and period is eliminated. 
Besides, frequeney eonversion range is extended up to infralow frequeneies. 
In eomparison to the advaneed method, deseribed in [26], the eonversion 
time is determined by the error of period eonversion Stx = 1/N§^, e.g. 
T=Ng To + (O...Tx)=nTx. The time diagrams of method are shown in 
Figure 18. 

The ealeulates for the phase-shift should be done aeeording to the 
following formula: 



N 



(px 



N 

- 360 ^^ 

N 





(59) 



or 
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-2ti— - (p,(rad) 
Tx 



(60) 




Figure 18. Time Diagrams of Advanced Method for Phase Shift - to - Digital Conversion. 



The microcontroller can also calculates the derived parameters as cos (px. 
sin (Px etc. 

The relative error for frequency- or period-to code conversion is 
Stx = Sfx =1/Ng, It does not depend on the frequency in all range of converted 
frequencies. 

With the purpose to determine the relative quantization error, having 
calculated the full differential of the equation (1), proceeded to the final 
increments and relative units, we shall receive the following equation: 






Atpx 

9 x 



AN, 

Ns-t, 



ANt. 

Ns-T, 



■To = 



Ng-fo 



AN., AN, 



V tx 



(61) 



‘x J 



Without the usage of any advanced conversion methods, the A/V, and 
ANtx are equal to ± 1. However, using the principle incorporated in the 
method of the dependent account [4], the conversion interval can be chosen 
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by multiple to the period of input signals. Henee, in this ease ANtx = 0. Then 
the quantization error will be ealeulated aeeording to the following equation: 



5 



{px 






(62) 



As it is visible from this equation, the quantization error does not depend 
on eonverted Ifequeney of signal and is determined basieally by the duration 
of pulses tx. The range of measurement for time intervals at the usage of 
modern direet eonversion methods is 210'^ ^ Is [28]. However, for 
realization of the proposed eonversion method for the phase shift, the 
following eondition is neeessary: To« A 

The dependenee of 5^ = f Ox, fo) at = 10 000 is shown in Figure 19. 
The proposed eonversion method allows to measure the phase shift tpx in a 
wide range of frequeneies of input signals. 




Figure 19. Dependence of 5,px = f(tx, fo) at Ng = 10 000. 



7. CONCLUSIONS 

Further development of mieroeleetronie teehnologies, mierosystems and 
smart sensors stimulate perfeeting the known and development of new 
advaneed methods for frequeney-time domain parameters-to-digital 
eonversion with aim to: 

• to inerease aeeuraey, speed and metrologieal reliability of the 
measurement of absolute and relative values, and their ratio as 
well; 

• to expand funetionality and the eonversion range; 
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• to automatize completely all procedures of measurement, control, 
digital processing, parametric adaptation and self-diagnostics; 

• to simplify the circuitry or minimize a chip area; 

• to reduce the cost, weight, dimensions, power consumption, etc. 

Due to numerous disadvantages, the classical frequency, duty-cycle and 

phase-shift conversion methods cannot be used in modem smart sensors. 

The method of the dependent count and method with non-redundant 
reference frequency are optimal for the microcontroller based frequency-to- 
digital converters of a new generation for the measurement of absolute and 
relative frequencies in self-adaptive smart sensors. The accuracy of 
conversion is one of most important quality factors for smart sensors. First of 
them allows to choose automatically the required conversion time with the 
aim to provide the set value of the conversion error. The second method 
allows to choose automatically the reference frequency on the set value of 
the conversion error, saving thus the power consumption in those conditions 
of the measurement when a precise conversion is not required. In 
comparison with other advanced conversion methods having the redundant 
reference frequency, the power consumption reduction is possible in more 
than two orders. 

All these open a prospect to use such programmable sensors in different 
real time applications, for example, ABS, as well as for measuring and data 
acquisition systems for various high-speed behaviour processes. 

The novel advanced duty-cycle and phase-shift conversion methods can 
be used in different smart sensors and transducers, as well as in data 
acquisition (DAQ) boards for frequency-time parameters of electric signals. 
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Abstract: Acoustic wave devices based on piezoelectric crystals and used for 
materials characterization and biochemical sensor applications are covered. 
The various acoustic wave devices used for physical and biochemical 
sensing applications are briefly described. Two types of sensors under 
development are discussed in details. They are the thickness shear mode 
(TSM) resonators and the guided shear horizontal surface acoustic (guided 
SH-SAW) devices, also commonly known as Love wave devices. It is 
noted that the two types of devices can be used for sensing in gas and/or 
liquid phase. The effectiveness of the TSM resonator for polymer material 
characterization is presented and discussed. The impedance-admittance 
characteristics of the equivalent circuit models of both the unperturbed and 
coated resonators are analyzed to extract the polymer storage modulus and 
loss modulus (G’ and G”). The design and performance of guided shear 
horizontal surface acoustic wave (guided SH-SAW) devices being 
investigated and under development for high sensitivity chemical and 
biochemical sensors in liquids are discussed. It is noted that despite their 
structural similarity to Rayleigh SAW, SH-SAWs often propagate slightly 
deeper within the substrate, hence preventing the implementation of high 
sensitivity detectors. The device sensitivity to mass and viscoelastic 
loading can be increased using a thin dielectric guiding layer on the device 
surface. Suitable design principles for these sensor platforms are discussed 
with regard to wave guidance, electrical passivation of the interdigital 
transducers (IDT) from the liquid environments, acoustic loss, and sensor 
signal distortion. Results of chemical sensing and biosensing experiments 
are presented and discussed. 

Keywords: resonant piezoelectric device, biochemical sensor, TSM resonator, guided 
SH-SAW device, polymer material characterization, acoustic wave 
device. 
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1. INTRODUCTION 

Acoustic wave technology has spawned a new class of sensors that use 
piezoelectric substrates to convert electrical energy into mechanical energy or 
vice versa. An electrical signal applied to a transducer is converted to an 
acoustic wave via the piezoelectric effect. In delay line devices, the wave is 
received at an output transducer where it is converted back to an electrical 
signal. Any interaction between a measurand and the acoustic wave causes a 
change in the propagating (or resonating) characteristics of the wave such as 
its frequency and energy loss. 

Acoustic wave devices have been widely investigated for the detection of 
hazardous compounds in gas environments [1-15]. In those applications, the 
device is coated with a chemically sensitive material and the results are 
obtained via changes in the physical properties (mass, viscoelasticity, 
permittivity and conductivity) of the coating. With a few exceptions, changes 
in the device response are most often attributed to change in mass of the 
coating at the surface of the crystal. It is noted that other factors such as 
changes in the viscoelasticity of the coating also affect the device response. 
These changes manifest themselves in shifts in operating frequency and 
attenuation, a measure of detected compounds. Although research in the area 
of gas sensing with coated-acoustic wave devices has been widely reported 
[1-15], few studies have investigated the direct detection of organic 
contaminants in aqueous solutions. Most investigations for liquid phase 
detection involved biosensor applications or uncoated devices for the 
characterization of liquid properties, such as density, viscosity, dielectric 
constant and conductivity [1-3]. Over the past decade, there has been a great 
deal of interest in the development of acoustic wave-based liquid sensors 
[1, 16-25]. Direct detection in liquid environments has proven to be difficult, 
due to various reasons ranging from the type of acoustic wave used to the 
sensing coating. A number of acoustic wave devices have been investigated 
for liquid-phase chemical sensors and biosensors. They include thickness 
shear mode (TSM) resonator, shear horizontal acoustic plate mode (SH-APM) 
device, surface acoustic waves (SAW) devices with exclusively shear 
horizontal (SH) particle displacement, lamb (or flexural plate) wave, and 
Love wave devices. They facilitate the direct and reagent-free detection of 
molecules and are suitable for real-time, on-line monitoring. 

In addition to their use as detectors of biochemical analytes in gas or liquid 
phase, acoustic wave devices are also ideally suited to thin film 
characterization due to their extreme sensitivity to surface perturbations. 
Acoustic waves provide nondestructive probing, since they typically operate 
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at low powers and do not change the properties of the entities being probed. 
They can monitor a wide range of physical properties in an in-situ manner. Of 
all the acoustic waves, the TSM resonator is the most commonly used 
acoustic wave device for material physical property characterization because 
of its simplicity and ability to support shear horizontal waves, which are ideal 
for the characterization of the complex shear modulus of thin viscoelastic 
films. 

In the present chapter, two types of acoustic wave devices with 
predominantly shear horizontal particle displacement used as physical and 
biochemical sensors in liquid environments will be presented. They are the 
thickness shear mode (TSM) resonator and the guided shear horizontal 
surface acoustic wave (SH-SAW) device also commonly known as Love 
wave device. In the first part, the modeling of TSM resonator for sensing and 
material characterization will be reviewed. Expressions are derived and used 
for the rapid fitting of an equivalent circuit model to the measured admittance 
data, which allow the rapid extraction of the physical properties of the surface 
perturbations. Results are presented for a polymer material, an organic resin 
known as SU-8. In the second part, the design and performance of guided SH- 
SAW (Love wave) devices being investigated for high-sensitivity biochemical 
sensors in liquids are presented. Results are presented for direct chemical 
sensing and biosensing in liquid environments using sensor platforms on 36° 
rotated Y-cut LiTaOs. 



2. THICKNESS-SHEAR MODE (TSM) RESONATOR 

The TSM resonator is very sensitive to surface perturbations. These 
surface perturbations can include mechanical loadings such as an added ideal 
mass layer, a Newtonian or non-Newtonian liquid, a viscoelastic layer, or 
combinations of the individual types. Several methods have been used to 
interpret TSM resonator response depending on the properties of the 
perturbation; among them are the Sauerbrey equation and the crystal 
impedance method [1, 3]. The Sauerbrey equation relates mass accumulated 
on the crystal to the change in the resonant frequency [26]. However, this 
method is only valid for a rigid and acoustically thin fdm. Since the mass 
effect is not the only effect that influences the acoustic behavior of the TSM 
device, the Sauerbrey method is unable to distinguish between changes in 
mass load on the surface and the viscosity changes of a liquid or changes in 
the viscoelastic properties of a coating. To overcome these limitations, the 
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crystal impedance method has been developed [27-29]. This method allows 
the extraction of physical parameters (viscosity, density, shear modulus) from 
complex mechanical loading on the TSM resonator. 

The TSM resonator consists of a thin disk of AT-cut quartz with metal 
electrodes deposited on both sides. Due to the piezoelectric properties and 
crystalline orientation of the quartz, application of alternating potential to the 
electrodes of the resonator results in an internal mechanical stress and 
consequently a shear deformation of the crystal. Resonance will occur when 
the crystal thickness is an odd multiple of half the acoustic wavelength. If a 
medium is in contact with one or both resonator surface, the excitation of the 
crystal subjects the medium on the crystal to an oscillatory driving force. Due 
to the electromechanical coupling, the mechanical properties of the contacting 
medium are reflected in the electrical response of the resonator. 

It is convenient to use an equivalent circuit model to describe the electrical 
behavior of the TSM resonator. With only a few lumped elements, the 
modified Butterworth-VanDyke (BVD) model simulates the electrical 
characteristics of the TSM resonator over a range of frequencies near 
resonance. This model can explicitly relate the lumped elements in the circuit 
to physical properties of the TSM, and the surface load (liquid load and/or 
viscoelastic film). 



2.1 Theory 

The quartz theory used in this paper is essentially identical to that used by 
most authors working in the acoustic sensor area and, with only a few 
simplifying assumptions, is the same as that using rigorous acoustic wave 
propagation theory with appropriate boundary conditions [30-31]. All of these 
other authors use electroacoustic theories that treat the quartz resonator as a 
second order system, and that, near mechanical resonance, the equivalent 
circuit (the so-called BVD model) description can be used. This theory of the 
quartz resonator is well-known and extremely precise for most sensor and 
material characterization studies. 

The BVD model can be used to describe both the unperturbed and 
perturbed quartz crystal resonators as shown in Figure 1. The TSM resonator 
equivalent circuit consists of two branches: a static branch and a motional 
branch. A static capacitance Co arises between the electrodes located on 
opposite sides of the insulating quartz. A parasitic capacitance Q, also arises 
due to the test fixture. The net capacitance of the static branch, Co*, is the sum 
of Co and Cp, Since the quartz is also piezoelectric, electromechanical 
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coupling gives rise to additional motional contributions {Li, Cj and Rj) in the 
unperturbed resonator. The static branch dominates the electrical behaviors 
away from resonance, while the motional branch dominates near resonance. 



Unperturbed 

Resonator 

Surface 

Load 




“Static” “Motional” 



Figure 1. The BVD Equivalent Circuit Model of the Unperturbed TSM Resonator and the 
Modified BVD Model of the Perturbed TSM Resonator. 



The modified BVD model also shown in Figure 1 can be used to describe 
the electrical response of the perturbed device. When the resonator has a 
surface perturbation, the motional impedance, Z„, changes, as indicated by the 
introduction of the complex electrical load impedance z!^ in Figure 1 [32] 



with 



- -^1 + ^ ^ 
jcoC^ 



- ^ AK^coC 









( 1 ) 

( 2 ) 



In equation (2), V is the vibration mode index, is the quartz 
electromechanical coupling coefficient, a>s is the angular series resonant 
frequency for the unperturbed TSM resonator, Zq=(pqHq)^'^ is the quartz shear 
wave characteristic impedance, where Pq and Pq are the mass density and shear 
stiffness of the quartz. The parameters for AT-cut quartz are readily available 
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from the literature. is the shear mechanical impedance due to the load at the 
device surface [1]: 



Z 



s 




(3) 



where T^y is the peak sinusoidal steady state shear stress imposed on the 
contacting medium by the resonator and is the resulting x-directed surface 
shear particle velocity displacement. It is noted that Zs is a complex quantity. 

The electrical impedance element R 2 and L 2 can be related to the real and 
imaginary components of the surface mechanical impedance as: 



R,= 



Nt: 



Re(ZJ 

I J 



L2 = 



Ntt 






Im(ZJ 

I J 



(4) 

(5) 



A general model has been developed [29], which can incorporate a 
physically diverse set of single-component loads, including rigid mass layers, 
Newtonian or Maxwellian liquids and viscoelastic media. Models and 
descriptions of the TSM resonator loaded with each type of layer has been 
treated and can be found in the published literature. In general, a different 
layer presents a different surface mechanical impedance, which is 
characterized by a given acoustic phase shift, (j), and attenuation of the wave 
across the layer thickness. In general, multiple surface loadings on the TSM 
resonator cannot be treated in a linearly additive fashion. An exception to this 
rule exists for several ideal mass layers or a mass layer next to the resonator 
surface with a viscous medium contacting it. In the case of a TSM resonator 
with simultaneous viscoelastic and Newtonian liquid loading - representing a 
typical liquid chemical sensing system - the total impedance is not equal to 
the sum of the characteristic impedance of the individual layers. This is due to 
the phase shift caused by the viscoelastic layer before it interacts with the 
liquid (the transmission line effect). Instead, the total surface mechanical 
impedance at the resonator surface due to the viscoelastic coating/liquid 
combination can be defined as [1, 29]: 




Fabien Josse and Richard W. Cernosek 



97 



Z 



S 



= Z. 



Zj cos smh{j3hj ^ ) 

Zq cos h[phf) + Zi smh{j3hf ) 



( 6 ) 



where , Z, are the characteristic mechanical impedance of the 

viscoelastic film and the Newtonian fluid, respectively. /?= jcc{pflGf'^ is the 

complex wave propagation constant, pj and hj are the density and thickness of 
the film, respectively. Without loss of generality, equation (6) can be 
rearranged into a more useful form: 

Z; + Za ianh[ Bhf] 



The combined surface effects due to the viscoelastic coating and the liquid 
overlayer are heavily dependent on the impedance ratio, Z\ /Zo, at the 
coating/liquid interface. If Z\ is comparable in magnitude to Zo, the shear 
acoustic wave propagating in the viscoelastic film loses a portion of its energy 
to the liquid. However, if |Zi|<< |Zo|, the acoustic wave sees a low impedance 
boundary at the coating/liquid interface and essentially all of the energy is 
reflected back into the viscoelastic layer. This latter case is representative of 
most liquid-phase sensor systems, in which high modulus polymers are used 
as coatings and low viscosity Newtonian liquids, primarily water, contact the 
coating. Under these conditions, the total surface impedance is a simple linear 
combination of the motional impedances due to the liquid and a finite 
thickness viscoelastic film: Z^ = Zi F Zg tanh(phf) It is noted that when the 
TSM resonator is only loaded with a viscoelastic coating, Z\ = 0, and equation 
7 reduces to the input impedance at the quartz surface/coating interface [1]: 






tan 



Ct> 



P_l 

yG j 



1/2 A 



( 8 ) 



In obtaining equation (8), it is noted that the identity tanh(jx) = jtan(x) has 
been used. Zg is the characteristic impedance of the viscoelastic coating, and 
is given by (pfG)^^^. 
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Since polymer films are commonly applied as sorbing layers in gas and 
liquid-sensing applications, it is desired to use this modeling structure to assist 
in characterizing them - the total system resembles the layered sensor 
geometry. More recently, polymer materials are being investigated as 
effective waveguiding layers in the implementation of guided shear-horizontal 
surface acoustic wave (SH-SAW) sensor platforms [25]. The TSM resonator 
material characterizations (using shear mode interactions) are directly 
applicable to the guided SH-SAW sensor problem. Polymers being 
viscoelastic materials, their elastic and viscous properties must be described 
by a complex modulus, G = G' + zG". G' is the shear storage modulus or the 
elastic contribution and G" represents the shear loss modulus or the viscous 
contribution. Polymers are usually classified by the values of G' and G". A 
glassy film exists when G' > 10* dyne cm'^ and G" « G'; a rubbery polymer 
when G" < G' and a Newtonian liquid as G' tends to zero and G" = corj (q is 
the liquid viscosity). It is important to understand how the TSM resonator 
responds to a polymer coating as described by the surface load in equation 
( 8 ). A description of the dynamic behavior of viscoelastic films on the TSM is 
given in references [1, 33-34], and is summarized here for convenience. If the 
viscoelastic layer is sufficiently thin and/or rigid so that (/> « ti/2, then the 
entire layer tends to move synchronously with the TSM surface. Under these 
conditions, the layer often can be treated as a simple mass layer. For (/)< nil, 
displacement at the upper surface of the layer lags that at the device surface. 
This condition is typical for a lossy polymer, adding some motional 
(mechanical) resistance to the dynamic action. For (p ~ ti/2, film resonance 
occurs and the coated resonator exhibits the characteristics of coupled 
resonant systems. For (p > nil, the upper surface of the layer is 180° out of 
phase with the resonator surface and the resonant frequency of the coated 
TSM resonator is higher than that of the uncoated resonator. 

Equation ( 8 ), which relates the surface mechanical impedance to the 
physical parameters of the viscoelastic load, can be used to extract G’ and G”. 
This may be done numerically or analytically, typically after further 
mathematical simplification. Because the shear modulus G is a complex 
quantity, the mechanical impedance described by equation ( 8 ) does not 
readily decompose into simple analytical expressions needed to describe R 2 
and L 2 . Thus, approximate forms of Zs are needed. The tangent function can 
be expanded in a Taylor series and the first two terms retained, 
tan(x) « X + V 3 X*. This leads to [30]: 
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tan 
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(9) 



The surface mechanical impedance of the viscoelastic layer can then be 
written as: 



Z. 



G" 

3 |G|" 



+ y 



(opfhj 



(o^ p)h) G' 



( 10 ) 



The first term (real component of Zs), proportional to G" is the attenuation 
due to the coating. The second term (imaginary component of Zs) represents 
the energy storage in the film; it consists of a mass component, cop/hj, and a 
viscoelastic component proportional to G'. 

The resistance R 2 and inductance L 2 due to the viscoelastic layer can be 
deduced from equations (4, 5 and 10): 
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both the storage modulus G ’ and loss modulus G ” can be extracted as 
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A more precise approximation can be obtained by retaining the first three 
terms of the Taylor series expansion for the tangent function [35]. In this case, 
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The analysis for the extraction of the shear moduli can be performed using 
equation (8) for an exact description of the viscoelasticity or equations 
(11-17) when a priori information about the film is known and simplifying 
assumptions can be accommodated. Modeling of viscoelastic films involves 
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finding the solutions to four parameters (G’, G”, hf, and pf,). However, 
admittance measurements contribute only two parameters, the real and 
imaginary part of the mechanical impedance Re (Z^) and Im (Zg). Both hf and 
Pf are used as constraints in the modeling programs. Usually a tight constraint 
on hf and Pf can generate unique solutions of G’ and G”. The crystal 
impedance method involves using an automatic network analyzer (ANA) to 
measure the reflection coefficient, Sn(co), of the polymer-loaded TSM quartz 
resonator. The admittance (or impedance) can be obtained in the form of 
complex quantities from the reflection coefficient. Fitting the circuit model of 
Figure 1 to the measured data allows the extraction of the moduli G’ and G” 
of the layer using steps described in Figure 2. 




Figure 2. Flow Chart for the Response Analysis and Viscoelastic Material 
Parameter Extraction. 



2.2 Polymer Material Characterization Using TSM 
Resonators 

The crystal impedance method involves using a network analyzer to 
measure the reflection coefficient, Sii(co), of the surface-loaded TSM quartz 
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resonator. Viscoelastic properties of several different polymers have been 
studied using this method; we discuss here only one glassy polymer, SU-8, as 
an example of the technique. SU-8 polymer is an epoxy resin being 
investigated as a guiding layer in guided SH-SAW sensors. A TSM resonator 
of 9-MHz fundamental frequency is used in the study. From the measured 
reflection coefficient the complex admittance or impedance can be obtained. 
Experimentally obtained impedance data and film thicknesses are then used in 
the analysis. The density of the SU-8 film pf is taken to be 1.2 g/cm^, as 
provided by the manufacturer. The analysis extracts the shear moduli as 
indicated by equations (9-17). Modeling of viscoelastic films involves finding 
the values for five parameters (G’, G”, hf, pf, and Cp). The parasitic 
capacitance Cp is included to account for practical cases in which the 
supporting structure and dielectric interactions may change substantially after 
the coating. Impedance is measured at the fundamental resonance frequency 
as well as the 3rd harmonic frequencies. Ri, Li and Ci and Cp are obtained by 
fitting the experimental electrical impedance with the theoretical model of the 
unperturbed TSM device. These parameters for the unperturbed device are 
stored for later use. Once thin films are spin-deposited on the resonator 
surface, further measurements are gathered for the reflection coefficients and 
the impedance can be derived. 

While there are five parameters being extracted from the analysis, 
admittance measurements contribute only two parameters, the real and 
imaginary part of mechanical impedance Re (Z^) and Im (ZJ. The film 
density, pj , is taken to be that of the bulk value; the thickness, hf , is 
independently measured. Both hf and pf are used as constraints in the 
modeling programs. Cp is estimated to be close to the unperturbed value but is 
allowed to vary in the fitting routine. Usually a tight constraint on hf and pf 
can generate unique solutions of G ’ and G ’ Admittance magnitudes for the 
bare and SU-8 coated 9-MHz TSM quartz resonator are shown in Figure 3. As 
expected, the series resonant frequencies of the coated devices are shifted to 
lower values and the admittance magnitudes exhibit damping due to the film 
losses as the coating thickness increases. Accordingly, the TSM resonator 
experiences a drop in the quality factor (Q-factor), which can be observed by 
loss in magnitude and the widening of the series resonant peak. When the 
thickness of SU-8 film reaches 5 pm, the resonant frequency shift apparently 
begins to deviate from the linear region (frequency versus mass) and enters a 
nongravimetric regime, as indicated in Figure 4. This implies that the 
viscoelastic properties of the polymer influence the device response and 
significant phase lag occurs on the upper film surface. 
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Frequency/MHz 

Figure 3. The Crystal Admittance Spectra of the Bare and SU-8 Coated TSM Resonators. 
SU-8 is Cured Following Procedures Provided by the Manufacturer. 
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Figure 4. Measured Series-resonant Frequency Shifts as a Function of the Thickness of SU-8 
Film in the Range of 0-22 pm at the Fundamental Frequency. The Device is a 9-MFIz TSM 

Quartz Resonator. 
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The dynamical behavior of the viscoelastic film’s displacement across the 
thickness hf is determined by the acoustic phase shift, (j), across the film 
[1, 33-34] as explained in the previous section. 

Using the extracted value for the shear modulus G=1.6xl0‘^dyne/cm^ , the 
shear wave phase velocity across the polymer film can be estimated as 
1,160 m/s. The phase shift (j) across the layer of 5 pm polymer film is 
calculated to be 



<j) = 27f y.hl v»Q.\55y.^<^ (19) 

Thus, a linear relationship between frequency shift and film thickness is 
observed in the range of about 0-5 pm. Beyond that, frequency shift increases 
more rapidly with phase shift c|) (in other words, the thickness of the film) 
until (j) = 7i/2. In this region, one can determine the shear modulus of the films 
and study the cross-linking of polymer films initiated by heat or light 
exposure. 

The above discussion is confirmed by the measured device resistance R 
{R=Ri+R 2 ) shown in Figure 5 for a TSM resonator coated with SU-8 films at 
varying thicknesses. The resistance R represents the mechanical energy 
dissipation of the system. The change in R remains small (less than 20 ohm) 
when 0 < hf< 5 pm (corresponding to a phase shift (j) < 0.155 x {till)). The 
damping of the admittance is not large in this region as indicated in Figure 3. 
For film thickness such that 5 pm < /i/ <30 pm, R increases sharply then 
gradually approaches a maximum value. Film resonance occurs when (j) = n/2 
and the resistance becomes maximum [34]. According to the experimental 
value, the SU-8 experiences film resonance near hf= 30 pm. Film resonance 
represents the strongest coupling between the resonator and the coated film, 
resulting in a greater extraction of acoustic energy from the resonator. The 
general resistance change as a function of the film thickness in Figure 5 
concurs with the results reported by Martin and Frye [28] for another polymer 
film, (polyisobutylene, PIB). The resistance of SU-8 is approaching but has 
not reached the maximum value at the thickness of 22 pm. This result is quite 
consistent with the prediction that the film resonance occurs at around 
hf = 30 /urn. Furthermore, it verifies the reliability of the fitting results of the 
shear moduli (G ’, G’ ’) for the SU-8 film. 

Measurements were also performed with the TSM resonator operating at 
the third harmonic (~27 MHz). The phase shift across the polymer coating at 
this frequency will be approximately three times as well. 




Fabien Josse and Richard W. Cernosek 



105 




Thickness/ |am 



Figure 5. The Resistance R of the Device {R=Rj+R 2 ) as a Function of Polymer Thickness 
Measured at the Fundamental Frequency. R 2 is the Resistance Associated with the Viscoelastic 
Polymer. The Device is a 9-MHz TSM Quartz Resonator. 



This results in a larger “effective” thickness when performing the analysis 
at the third harmonics. The measured device resistance approaches saturation 
at a thickness of approximately 1 0 pm, agreeing with the earlier predictions 
that for fdm resonance. Figure 6 shows the results for shear moduli extracted 
from measurements made at both the fundamental frequency and the third 
harmonic for the SU-8 coated TSM device. The moduli increase with film 
thickness and the shear storage modulus exceeds the shear loss modulus by 
more than an order of magnitude. As the fdm thickness increases above 
10 pm, both the storage modulus {O’) and loss modulus (G”) approach 
saturation indicating that the extracted viscoelastic properties are now 
independent of thickness. A thicker fdm layer is desirable for this analysis 
because of the larger viscoelastic contribution, leading to smaller errors in the 
analysis. For a relatively small fdm layer thickness, the extracted viscoelastic 
properties do not reflect that of a bulk fdm material. This essentially means 
that the phase shift across the thin fdm layer is practically negligible. Under 
these conditions, the extraction of the storage and loss modulus could be quite 
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inaccurate. These figures confirm earlier discussion that meaningful values of 
viscoelastic properties can only be obtained at sufficiently large polymer 
thicknesses. The storage modulus (G’) of the SU-8 film (assuming 
Pf = 1.2 g/crn) approaches its saturation value of 1.66x10^° dyne/cm^ for 
relatively thick films (10-20 pm), while the loss modulus {G”) reaches its 
maximum at 6.0x10* dyne/cm^. Although the accuracy of the extracted shear 
modulus parameters occurs at high thickness where viscoelastic contribution 
is substantial, it is noted that, at these thicknesses, the measured loss is quite 
large and approaches saturation as shown in Figure 5. The modeling used here 
will result in relatively large errors for acoustically thin films. For rigid layers, 
the loss contribution is negligible (coating mostly represents a mass load), and 
extraction of G’ and G” is not possible. In this layer thickness region 
(gravimetric region), the electrical response of the devices is only dependent 
upon the surface mass density p^. It must be pointed out that the polymer 
thickness and density (taken to be fixed values in the analysis) are the major 
sources of error in the extraction of G ’ and G ’ 




Figure 6. The Extracted Shear Moduli as a Function of Polymer Thickness for SU-8 Films 
Using a 9-MHz TSM Resonator. Measurements are Conducted at the Fundamental Frequency 
and Third Harmonic. Shown are Both Storage and Foss Moduli. 
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Apparently, the SU-8 polymer film is glassy due to the high value of G’ 
and high ratio GIG”. The storage modulus of SU-8 is comparable to that of 
PMMA, which was reported to be 1.43xl0'° dyne/cm^ at a thickness of 
17.6 pm [35]. 

When the film density and thickness are not available, a unique solution 
usually cannot be obtained if the crystal impedance measurements are made 
only at the fundamental frequency. By measuring the electrical response of 
the TSM resonator at various harmonics, more information is available and 
extraction of unique moduli is possible [30]. However, the measurement and 
analysis using the multi-harmonic impedance method overlooks the frequency 
dependence of shear moduli in the viscoelastic regime. 



3. GUIDED SH-SAW SENSORS FOR CHEMICAL AND 
BIO-CHEMICAL DETECTION IN LIQUIDS 

Acoustic wave devices for liquid-phase sensing applications [1, 16-25], 
where the device is in direct contact with the solution are presented. Here, 
new challenges are encountered, including additional loss contributions and 
signal distortions due to the liquid being in contact with the acoustic wave 
and/or the interdigital transducers (IDTs). Other challenges include the effects 
of the liquid seals on signal quality and reproducibility, and the transport of 
the target analyte or antigen to the sensor surface. 

Of all acoustic wave devices, SH-SAW devices appear most promising for 
(bio-)chemical detection in liquid environments: (1) shear horizontal surface 
waves are more sensitive than bulk waves to perturbations produced from the 
environment without the excessive loss associated with Rayleigh SAW in 
liquids; (2) the selected piezoelectric materials and transducer designs lead to 
very high Q (quality factor) structures; (3) device frequencies can be scaled to 
>100 MHz, so device sensitivity can be high provided that noise is decreased; 
and (4) devices are small, robust, and easy to incorporate into on-line low cost 
systems. However, despite their structural similarity to Rayleigh SAWs, SH- 
SAWs often propagate slightly deeper within the substrate (in some cases, 
referred to as surface skimming bulk waves) [36-39], hence preventing the 
implementation of high sensitivity detectors. The device sensitivity to mass 
and viscoelastic loading s can be increased using a thin guiding layer on the 
device surface. The effect of the overlayer is to trap the acoustic energy near 
the sensing surface [36-39], thus increasing the sensitivity to surface 
perturbations. The resulting acoustic wave is analogous to a Love wave on an 
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isotropic substrate with overlayer. The two most commonly used crystal 
orientations are the rotated Y-cuts quartz 90°- X, and the 36° rotated Y-cut 
LiTaOs. 

Various dielectric materials such as silicon dioxide (Si 02 ), silicon nitride 
(Si 3 N 4 ), and most polymers can be used as the waveguide material. Polymers 
have an advantage over other waveguide materials due to their relatively low 
shear wave velocity [18] and the ease of surface layer preparation. However, 
because of their viscoelasticity, cross-linking or curing is necessary to avoid 
excessive acoustic loss [18]. Cross-linking allows the acoustically lossy 
polymer to exhibit an equilibrium elastic stress, thus representing a stable 
waveguide layer. 

However, it is not desirable to simply minimize the acoustic loss of the 
overlayer. An overlayer with moderate acoustic loss will help to suppress the 
triple transit echo (TTE) (for delay lines), which is one of the major sources of 
signal distortion for low loss devices. In addition, the overlayer will decrease 
the acoustic velocity of the SH-SAW, thus reducing signal distortion due to 
overlap and interference with adjacent bulk waves. 

The dielectric overlayer can also act to passivate the IDTs from the 
contacting liquid, which often is conductive or has a high dielectric constant 
(like water). Polymers as the passivating coating have a relatively low 
dielectric constant and will provide an insulating barrier, assuming the 
polymer is properly cross-linked or cured to eliminate fluid uptake. 

Finally, the overlayer has to provide a suitable basis for attachment of 
selective layers, like antibodies, enzymes, or chemically selective polymers 
that will be used to complete the total sensor. 

All the above issues must be taken into account when choosing the 
appropriate waveguide material, determining its thickness, and pretreatment 
(deposition rate, cross-linking process, cure schedule, etc.), and investigating 
the general design parameters for acoustic wave sensors like device 
configuration (delay line or resonator), IDT geometry and substrate material. 

In the present section, guided SH-SAW devices as sensor platforms are 
presented for the implementation of high sensitivity bio-chemical detectors in 
liquid environments. 



3.1 Fundamentals of Guided SH-SAW Sensors 



Figure 7 shows the basic configuration of a guided SH-SAW device as a 
sensor platform. It consists of a SH-SAW device (in this case a delay line) 
with an overlayer of thickness, h, in the X 3 direction, having a lower shear 
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wave velocity. A thin metal layer is used between the two IDTs, representing 
an electrical short and eliminating acoustoelectric interactions with the load. 
As a result, only sensing caused by mechanical loading is considered here. 
The overlayer can be, in reality, a composite layer, which consists of the 
waveguiding layer (hi) and the biochemically sensitive layer (h 2 ) with or 
without attached receptors. A liquid layer (X3 > h) provides the transport 
medium for the target species. Perturbation theory, which yields approximate 
sensitivity expressions, is often used provided that the perturbing fdm(s) is 
sufficiently thin in comparison to the acoustic wave wavelength. The problem 
may be solved as a 3-layer or a 4-layer problem. In a 3-layer geometry, the 
layer serves as both the guiding layer and bio-chemically sensitive layer. The 
guided acoustic wave is assumed to propagate along the Xi direction and have 
no variation along X 2 . 






Waveguide coating 





Figure 7. Geometry of the Guided SH-SAW Sensor Platform. SAWs with Shear Horizontal 
(SH) Displacements are Excited by the IDTs. Crystal Orientations Include the 36° Rotated Y- 
cut LiTaOs, and the Rotated Y-cuts Quartz 90°-X. 



Dependence of the amplitude of the wave upon time t and path of 
propagation xi was assumed as: exp[j(cot-Pxi)] = exp[jcot-j(k-j a)xij = 
exp [j cot] exp[-jkxr caj and a is real number. A complex propagating factor p 
is defined by the wave number k and attenuation a as 
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The variation of the complex propagating factor can be derived as 
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The next step in solving the problem consists of evaluating the mechanical 
loading perturbation due to the overlayers. Approximate expressions for the 
variations in wave velocity and attenuation, which define the sensing, can be 
obtained using mechanical perturbation theory together with surface 
impedance techniques. The details of this theory can be found in the literature. 
The fundamental equation for the mechanical loading is expressed by 

^ ^ _ yF(v* - Z;, -V + vZ; -V*) 

k AcoP 



where * is the complex conjugate, “ ' “ implies a perturbed parameter, V is the 
phase velocity, co the angular frequency and P the power flow per unit width; 
Za and v are the surface acoustic impedance and particle velocity matrices, 
respectively. 

Velocity change and attenuation change are then given by the real part and 
imaginary part, respectively, of the equations 
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(24) 



In the case of a guided SH-SAW, waveguiding by a suitable layer (oxide 
coating, polymer and polyimide) of appropriate thickness occurs when the 
shear wave velocity in the layer (Pm) is less than that in the substrate (Vs//). 
Assuming that a predominantly shear horizontal wave is coupled to the IDT, 
the fractional change in the wave velocity - a measure of the sensitivity to 
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surface mechanical perturbations - can be obtained from perturbation theory 
[11] as 
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(25) 



where Vsh is the unperturbed velocity of the SH-SAW, p is the layer mass 
density, h is the layer thickness and U 2 , the normalized particle velocity 
displacement amplitude at the surface. It is noted that when the resulting wave 
suffers no dispersion, and the propagation path length, L, is equal to the 
sensing path length, 1, equation (25) also describes the relative frequency 
shift, Af/f, of the guided SH-SAW sensor. As a result, the device sensitivity to 
mass and viscoelastic loading s due to the thin guiding layer can be calculated 
[14-17]. Clearly, the device sensitivity increases as U 2 at the sensing surface 
increases, i.e., as the acoustic energy is trapped to the sensing surface. Note 
the effect of the layer viscoelasticity is implicitly represented by the term 
[7- (Vm/Vsh/] in equation (25). A similar, but somewhat more complicated, 
expression can be obtained for the change in the attenuation coefficient of the 
guided SH-SAW in terms of the complex shear modulus of the layer, which 
includes the shear viscosity coefficient of the layer. For the 36°YX-LiTa03, 
such an expression for the attenuation coefficient must also account for the 
effect of the shear vertical (SV) wave component, which is not negligible in 
evaluating the loss. 

Figure 8 shows the frequency shift (sensitivity) of the LiTaOs guided SH- 
SAW as a function of poly (methyl methacrylate) (PMMA) and 
cyanoethylcellulose (CEC) layer thickness. It can be seen that the slope of the 
curve in Figure 8 reaches a maximum at a waveguide thickness of between 
1 600 and 2000 nm for the PMMA, indicating the near optimum thickness for 
achieving high mass sensitivity. For CEC, an optimum thickness of 
approximately 2400 nm was determined. An effective determination of the 
optimum thickness, however, requires looking at the device insertion loss in 
liquid environments as well as the frequency shift. 

In another example, using the above derivation, the sensitivity to viscous 
liquid has been evaluated. Assuming Newtonian liquid of viscosity, q, and 
density, p, and assuming that a predominantly shear horizontal wave is 
coupled to the IDT, the fractional changes in wave velocity and attenuation 
with respect to pure water are found to be 
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Figure 8. Guided SH-SAW Frequency Shifts (or Sensitivity) for Poly(methyl methacrylate) 
(PMMA) and Cyanoethylcellulose (CEC) Guiding Layers as a Function of Layer Thickness. 

(Ref 42) 

In the above equations, which indicate the sensitivity of SH-SAW to viscous 
liquid loading, qw and pw represent the viscosity and density of pure water, 
respectively. U 2 is the normalized particle velocity displacement amplitude at 
the surface. Clearly, as the particle velocity displacement amplitude at the 
surface increases due to guidance by a thin isotropic layer, the sensitivity to 
fluid viscosity increases. The above can easily be extended to a Maxwellian 
liquid case where the fluid exhibits a first order relaxation process [29, 47]. 
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where rjo is the low-frequency shear viscosity and x is the relaxation time 
(x = rjolGhfi with G/,/the high-frequency rigidity modulus). 

For SH-SAW on 36° rotated Y-cut LiTaOs which is not a pure mode axis, 
equations (23, 24) must be modified to include the shear vertical, SV, 
component of the excited wave. Such component will contribute, especially, 
to additional losses. However, for a metallized surface as it is the case here, 
the slightly leaky SH-SAW is converted to a pure SH-SAW. 



3.2 Sensor Design Considerations 

The first design principles and considerations are identical to those used 
for Rayleigh SAWs [1]. The design of the IDTs for the generation and 
detection of SH-SAW uses the delay line configuration often employed for 
SAW filters. In the present case, a dual delay line design is used with one line 
as a sensing line and the other as a reference line. Common environmental 
interactions elicit responses from both lines and are removed by subtraction. 
The chemical reaction is designed to take place only on the sensing line and a 
unique differential signal results. In addition, two possible platform 
geometries shown in Figure 9 with emphasis on the encapsulation for 
confinement of the liquid can be used for the lines. While the design of the 
sensor platform is usually made with few engineering considerations, analysis 
and/or prediction of the sensor response requires that the sensor effect be 
accounted for in the device response. The sensor effect can be easily 
incorporated into the device unperturbed transfer function, T 12 (f) to allow for 
the variations of delay time and attenuation. The sensor response can then be 
modeled by the following transfer function 

2tiL 2nd 

where 5 = AV/V is the fractional velocity change of the SH-SAW due to the 
guiding/sensing effect, = wavelength, a = the attenuation coefficient 
introduced by the waveguide layer and chemically sensitive layer composite. 
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and L and / are the IDT center-to -center separation and sensing path length, 
respectively. 

It is noted that when the resulting wave suffers no dispersion, and the 
sensing path length, 1, is different from the propagation path length, L, 
equation (25) is appropriately modified to describe the relative frequency 
shift, ISf/f, of the guided SH-SAW sensor in terms of the velocity change as 



Af _ 1 AV 
f ~ L V 



(30) 



As a result, the device sensitivity to mass and viscoelastic loading s due to the 
thin guiding layer can be calculated [41, 44-46]. Writing Am = ph, the device 
sensitivity to mass loading can be defined in terms of A V/V or Af/f as 
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Figure 9. Two Examples of Guided SH-SAW Sensor Platform Geometries with Emphasis on 
the Encapsulation for Confinement of the Liquid. 



The above assumes a purely elastic, lossless film. It is also noted that for a 
lossless film the term e‘“' in equation (29) is equal to one. However, for 
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viscoelastic film and/or chemically sensitive film loading, the device 
sensitivity must be recalculated to account for changes in viscoelasticity. In 
that case, the waveguiding layer and/or the chemically sensitive layer are 
characterized by a complex shear modulus, G’ + jG”, with G” = cor]. G’ and 
G” are the shear storage modulus and loss modulus, respectively, p is the 
shear viscosity coefficient and cd = 2nfis the angular frequency. For chemical 
sensors applications, while mass loading is often assumed the dominant factor 
contributing to the frequency change, viscoelastic properties also contribute to 
Af changes, and lead to changes in device attenuation. In the latter case, 
changes in the device loss can be used as a second measurand to characterize 
the sensor. For low-loss surface materials, and assuming h « A, approximate 
analytical expressions can be obtained for both the velocity change and the 
attenuation. For the 36°YX-LiTa03, such an expression for the attenuation 
coefficient must also account for the effect of the shear vertical (SV) wave 
component, which is not negligible in evaluating the loss. However, for 
arbitrary viscoelastic film loading, effective computation of both parameters 
can only be achieved numerically. This decision is made depending on the 
value of the mechanical quality factor, Q, of the load. It is noted the inverse of 
Q is defined as the loss tangent, tan 9 = 1/Q = G” / G’, and if tan 0 > 0.01, 
then the load material may be treated as a high-loss medium [48]. As a result, 
for chemical sensors in which a chemically sensitive and lossy polymer is 
deposited on the guiding layer, the value of the mechanical quality factor, Q, 
will dictate the approach to use in evaluating the device attenuation in terms 
of the layer thickness and viscosity. For biosensing applications in which a 
second layer (the layer of attached receptors) are applied on the waveguide 
layer, equation (31) is sufficient to approximate the mass sensitivity of the 
device [15-18]. This is because the bio-layer consisting of the receptors and 
the bound antigens is of the order of a few molecules, and has negligible 
viscoelastic contribution to the sensor response. 



3.3 Examples of Bio-chemical Detection Using Guided SH- 
SAW Sensors 

In this section, the results from devices using the PMMA guiding layers 
are shown and discussed in biosensing applications. The guided SH-SAW 
devices used are on 36° YX-LiTaOs substrates with a polymer coating as the 
waveguide layer. The device is designed and fabricated with 100/800 nm 
thick Cr/Au interdigital transducers (IDTs) having a periodicity of 40pm. This 
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corresponds to an operating frequency of approximately 103 MHz for the 
uncoated devices [42], In order to evaluate the mass sensitivity of the guided 
SH-SAW device, biosensing experiments are conducted with goat 
immunoglobulin G (IgG) adsorbed on one delay line of the dual delay line 
device while the other delay line is blocked with bovine serum albumin 
(BSA). The device is then exposed to rabbit anti-goat IgG in the liquid 
environment. In Figure 10, the responses (difference signal) of devices with 
different PMMA coating thicknesses to injection of 24 pg/ml rabbit anti-goat 
IgG are shown. It is seen that mass sensitivity increases with waveguide 
thickness, while differences in baseline noise are small. This is because, as the 
film thickness increases, the acoustic energy is trapped more to the sensing 
surface, drastically increasing the device sensitivity. The frequency shift 
produced in a sensor with 1 .95 pm of PMMA is more than four times greater 
than that for a sensor with no PMMA waveguide. The responses are not 
corrected for the influence of temperature, and no effort is made to control 
laboratory or device temperature since differential signal response is 
measured for the dual line. 




Figure 10. Guided SH-SAW Frequency Shifts (or Sensitivity) for Poly(methylmethacrylate) 
(PMMA) and Cyanoethylcellulose (CEC) Guiding Layers as a Function of Layer Thickness on 
36° YX-LiTa 03 Substrates. (Ref. 42). 
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Figure 11. Response of a Guided SH-SAW Device with 1.57 pm Thick PMMA Coating to 
100 ng/ml Rabbit Anti-goat IgG, Injected After 15 min. The Difference Signal (Sensing Minus 
Reference Lines) is Shown (Ref. 42). 



To further test the mass sensitivity of the devices, the detection of 
100 ng/ml rabbit anti-goat IgG by a 1.57 |rm thick waveguide device (note 
this PMMA layer thickness is non-optimal) is shown in Figure 11. Measured 
noise levels of 32 Hz (peak-to-peak) and 8 Hz (rms) are obtained. These 
results indicate that the most sensitive device can detect 68 pg/mm^ or 
17 pg/mm^, respectively, the latter corresponding to 0.1% of a closely -packed 
monolayer of antibodies. 



3.4 Examples of Chemical Detection in Liquids Using 
SH-SAW Sensors 

Guided SH-SAW devices with an operating frequency of approximately 
103 MHz for the uncoated devices and similar to those described in the 
previous section are used. A dual delay line configuration is used and consists 
of a reference line coated with polymethyl methacrylate (PMMA) which acts 
as a guiding layer only, and a sensing line coated with poly(isobutylene) 
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(PIB), polyepichlorhydrin (PECH) or poly(ethyl acrylate) (PEA) which acts 
as both a guiding layer and a chemically sensitive layer. Typical sensor 
response of a device to varying concentrations of xylene (10-60 ppm) in DI 
water is shown in Figure 12. On that device, the sensing line is coated with 
0.8-pm-thick PIB cured at 40°C for 15 min while the same thickness of 
PMMA, cured at 180°C for 2h is used for the reference line. The result shows 
that for direct detection of xylene in water, the sensor exhibits excellent 
reversibility when the chemical analyte is removed by subjecting the device to 
Dl water. In Figure 12, response time of 10 min is observed. However, the 
observed time doesn’t represent the sensor response time due to the use of the 
flow mixing system. A typical response time of the sensor is observed to be 
less than 20 seconds as chemical analyte is directly placed in contact with the 
device. 

The results of Figure 12 are not sufficient to determine the major 
contribution to the sensor response. These contributions can be due to mass 
loading and changes in viscoelastic properties of the polymer. Further insight 
into the various contributions to the sensor response can be obtained by 
simultaneously measuring the device loss as a function of analyte 
concentration. Figure 13 shows insertion loss in the xylene detection using the 
guided SH-SAW device with 0.8pm thick PIB on the sensing line and 0.8pm 
PMMA on the reference line. Clearly, the observed loss can be explained by 
changes in the viscoelastic properties of the load, i.e. chemically sensitive 
layer. As a result, both Figures 12 and 13 clearly indicate that the two 
contributions to the sensor response are from the added analyte mass and 
subsequent changes in viscoelastic properties. 

Figure 14 shows the frequency shift (sensitivity) of the FiTaOs guided SH- 
SAW sensor device in the xylene detection with different coating thicknesses 
The reference line is coated with 0.5-, 0.8- or 1.0- pm -thick PMMA cured at 
180°C for 2h while the chemical sensing line is coated with the same 
thickness of PIB, cured at 40°C for 15 min. It is seen that increasing the 
polymer thickness increases the sensitivity. In part, this is due to increased 
mass-loading in the thicker fdms. However, it is also expected that 
contributions from change in viscoelasticity will increase, especially the loss 
contribution. This is because the increase analyte concentration in the coating 
results in increase expansion in the polymer volume. 
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Figure 12. Detection of 10 to 60 ppm of Xylene Using a Guided SH-SAW Device with 0.8pm 
Thick PIB on the Sensing Line and 0.8pm Thick PMMA on the Reference Line. The PIB Layer 

is Uncured. 




Figure 13. Change in Loss in the Detection of 10 to 60 ppm Xylene Using the Guided SH- 
SAW Device with 0.8pm Thick PIB on the Sensing Line and 0.8pm PMMA on the Reference 

Line. 
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Figure 14. Comparison of Sensitivity of PIB (0.5pm, 0.8pm and 1.0pm) -Coated Guided SH- 
SAW Sensor Platform in the Detection of Xylene in Water (PIB is Cured at 40°C for 15 min). 



4. SUMMARY 

Thickness-shear mode (TSM) resonators and guided shear-horizontal 
surface acoustic wave (guided SH-SAW) devices are described as two 
resonant piezoelectric devices that can be used effectively as physical and bio- 
chemical sensors in both gas and liquid environments. The measured sensor 
parameters for these devices include resonant frequency shifts and/or 
attenuation (device loss) changes, which occur during the probing action or 
detection. Other characteristics include sensitivity, resolution, limit of 
detection and reproducibility, and are well documented in the published 
literature. It is noted here that increasing frequency of operation of these 
devices results in increased resolution, but will result in increased sensitivity 
(not proportionally) only if the sensor signal noise can also be decreased. The 
latter could be achieved depending on the driving circuitry and its 
performance. It is also noted that the sensor signal noise level can be 
decreased through the use of “intelligenf’ signal processing. The limit of 
detection (LOD) of these devices (as of any other sensor) depends on both the 
sensitivity and the signal stability, i.e. signal noise and drift. 
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Specifically, the TSM resonator is an effective probe for rapid 
characterization of the complex shear modulus (G = G ’ + G ”) of thin polymer 
films, provided that both the film density and thickness can be independently 
and accurately determined. The theory used is simple and, near crystal 
resonance, is as good as other rigorous acoustic wave propagation theories. 
Near mechanical resonance, a modified equivalent circuit (the so-called BVD 
model) description is used. This simplified theory of the quartz resonator is 
well-known and extremely precise for all sensor and material characterization 
studies. For viscoelastic materials, at relatively high thickness (2-4 pm 
depending on the polymer), accurate shear modulus parameters (approaching 
that of the bulk material) can be extracted where viscoelastic contribution is 
substantial. As the operating frequency of the device increases, the frequency 
dependence of the moduli must be accounted for. 

Of all acoustic wave devices, guided SH-SAW sensors (also known as 
Love wave sensor) appear most promising for bio-chemical detection in liquid 
environments, with the possibility of tailoring the device sensitivity. 
Optimized sensor implementation requires investigating various bio- 
chemically sensitive layers, guiding coating types and thicknesses, curing 
methodologies for high sensitivity and stability. Chemical sensor platform has 
been demonstrated using PMMA polymer guided SH-SAW on 36°-YX 
LiTaOs, with limit of detection in the low ppb range for some chemical 
analytes in aqueous solutions. Similarly, biosensing experiments using 
identical devices indicate that the device has good sensitivity and can detect 
17 pg/mm^, corresponding to 0.1% of a closely-packed monolayer of 
antibodies. It is noted that these devices have yet to be optimized. 
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Abstract: The operating principles, design and manufacturing in thick-film 
technology (TFT) of sensors based on the piezoelectric and 
pyroelectric properties of lead zirconate titanate (PZT) thick films are 
described. In particular, the attention is foeused on acoustie-wave 
piezoelectric sensors for physical and chemical quantities, and on 
pyroelectric sensors and arrays for light spot position measurement. 

Keywords: piezoelectric sensor, pyroelectric sensor, acoustic-wave sensor, 
sensor array, thiek-film technology, lead zireonate titanate (PZT). 



1. INTRODUCTION 

Solid-state sensors and sensor systems are constantly expanding into 
new application areas, currently representing one of the most topical and 
rapidly evolving fields of science and technology. It is a field where a host 
of different requirements unavoidably coexist, such as demands in terms 
of performances, operating conditions, employed materials, integration 
with the electronics, size, power consumption and cost. 

Nowadays, there is not one single technology capable of addressing all 
the above requirements, and the situation is not likely to change in the near 
future. Though silicon micromachining and MEMS (Micro-Electro- 
Mechanical System) technology are offering a real breakthrough for 
sensor fabrication, there are technical and economical issues that make 
their diffusion in real-world applications slower than expected or desired. 
Therefore, in many cases other solutions are required, and a number of 
different sensor technologies are currently in use. 

The thick-film technology (TFT) is one of the most reliable, flexible and 
widespread technologies for sensor and sensor system fabrication that can 
count on the possibilities offered by commercially-available screen- 
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printable pastes, such as piezoresistive, thermoresistive, conductive and 
dielectric pastes. In addition, however, the TFT is also very attractive 
when combined with less conventional materials and innovative sensor 
designs. In this outline, this chapter illustrates some examples of sensors 
based on the piezoelectric and pyroelectric properties of lead zirconate 
titanate (PZT) thick films. 



2. THICK-FILM TECHNOLOGY 

Historically, the thick-film technology (TFT) started some decades ago 
as a technology for electronics with the manufacturing of hybrid circuits. 
Among the key factors for ongoing success of TFT in such fields as the 
automotive, military, and telecommunications there are a number of 
distinctive features, like capability of operation in harsh environments, 
reliability, integration and miniaturization, functional trimming, and low 
design cost and capital investment. 

The TFT consists of a series of processes whereby, starting from 
properly formulated pastes (or inks), the deposition on insulated substrates 
of layers having different electric and functional properties is obtained. In 
the standard TFT, the process steps involved are basically three, namely 
the screen printing of the paste, the drying of the wet film, and its 
subsequent firing at high temperature [1]. 

All the processes are carried out in air or sometimes in controlled 
atmosphere, but generally not in a vacuum. This contributes to the 
cheapness of TFT and represents the most important difference with other 
film deposition techniques, such as the thin-film technology, which almost 
invariantly require vacuum. The typical film thickness obtainable with 
TFT is in the range from microns to several hundreds microns, which is 
higher than that achievable by most other deposition methods. 

Thick-film pastes are colloidal systems that typically include a 
functional part in the form of powder, a binder, and a vehicle. The 
functional part defines the final electrical properties of the film. The 
composition depends on use, i.e. conductor, resistor, insulator, and the 
average particle size in the micron range. The binder promotes vitrification 
during firing, and it is generally composed by glass frits or oxides. The 
vehicle gives the best rehology for printing and it is usually an organic 
solvent with possible additives. Also available and widely used are 
polymeric thick-film (PTF) pastes that do not require firing but stabilize 
their properties with low-temperature curing. 

The substrate materials can be ceramics, insulated metals or plastics. 
Among the ceramics, the most typically used are alumina (AI2O3), 
aluminum nitride (AIN), and beryllia (BeO) in order of rising thermal 
conductivity, and also zirconia (Y2O3). Insulated metals are most 
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commonly steel, aluminum, or copper. Plastics (e.g. polyester) are used as 
flexible substrates and/or lightweight low-cost substrates coupled to 
polymer thick films. In the last years there is an increasing interest in using 
silicon as a substrate for TFT, toward the development of MEMS based on 
screen-printing on silicon. 

The screen-printing process, as shown in Figure la, consists of the 
transfer of the paste onto the substrate by extrusion through a patterned 
screen mesh, by means of the pressure exerted by a squeegee. In place of 
the screen mesh a stencil can be used. The patterning is obtained by an 
emulsion mask applied onto the screen, as illustrated in Figure lb, into 
which the desired shape has been photo-reproduced by light exposure and 
development starting from a computer-generated artwork. 




a) 



b) 




Figure 1. Screen-printing Process (a); Screen Mesh (b) 
(adapted form www.noritake-elec.com). 



The film thickness and print resolution depend, among other factors, on 
the characteristics of the screen mesh. In particular, the mesh count, which 
defines the number of openings per linear inch (typical values are 250, 
325, or 400), and the wire diameter jointly determine the open fraction of 
the screen area. 

The standard achievable resolution is between 0.05 and 0.1 mm for line 
width and pitch. Better figures are obtainable with photoimaging and 
etching techniques. A screen-printing machine is shown in the picture of 
Figure 2a. 

The wet film obtained after printing is allowed to level for a settling 
period of 10-30 min. Then the substrate is heated in an oven at 100-150°C 
for 15-30 min for the drying process, during which volatile compounds 
evaporate and the film becomes more mechanically stable. 
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During the following firing process, the ceramic or metallic substrate is 
put into a belt furnace, of the type shown in Figure 2b, for a thermal cycle 
that typically reaches temperatures in the order of 800-1000°C. At this 
step, the organic components still present in the film are burned out, the 
film ancors to the substrate, and the functional properties develop and 
stabilize to their final level. 




Figure 2. Screen-printing Machine (a) — Infra-red Belt Furnace (b). 



An important factor in the firing process is the temperature profile, 
which should be optimized for the given film composition. The firing 
atmosphere is open air most of the times, or, occasionally, an inhert 
atmosphere. 

With plastic substrates, that cannot withstand the high temperature 
involved in the standard firing process, appropriate pastes are used that can 
be cured at lower temperatures typically by infrared heating. 

Besides its primary role as a technology for electronics, TFT is also an 
enabling and attractive technology for sensors [2, 3]. 

The main advantages offered by TFT for sensor manufacturing are a 
high degree of flexibility given by the choice of paste compositions and 
substrate materials and shapes, reliable operation in harsh environments, 
low cost at small production volumes (<10"^/yr), capability of integration 
with electronics in hybrid systems, miniaturization at the mesoscale level. 

TFT also represents a flexible platform and a supporting technology for 
sensor systems. Flybrid units of significant functional complexity can be 
cost-effectively developed which, for instance, combine TFT substrate, 
passives and interconnections, silicon MEMS, and microelectronic circuits 
in the form of single chip or multi-chip modules (MCM). 

In addition to the standard TFT, a number of technology “variants” 
have been developed that are attractive for mesosystems and, such as the 
Green Tape and the Low-Temperature Co-fired Ceramic (LTCC) 
technologies [4]. 
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3. PIEZOELECTRICITY AND PYROELECTRICITY 

The piezoelectric effect, discovered in 1880-81 by the Curie brothers, is 
the property of certain materials in which an imposed mechanical stress 
induces an electric charge (direct effect), and an applied electric field 
develops a mechanical strain (converse effect) [5, 6], 

The piezoelectric effect is linear, in the sense that it conserves the sign 
between the forcing and the generated quantities as schematically shown 
in Figure 3. Therefore, by inverting the former an opposite effect is 
produced in the latter. This is different from electrostriction, a property 
shown by all materials to various degree, where the relationship between 
produced strain and applied electric field is quadratic. 

Piezoelectricity is exploited in many applications that can be coarsely 
grouped in two categories: sonic and ultrasonic wave generation and 
detection, and electromechanical or mechanoelectrical conversion. 

The former comprises sensors and transducers, filters and resonators. 
The latter includes actuators, transformers, gas igniters, motors, machining 
tools, nebulizers and humidifiers, and more. 




Figure 3. Piezoelectric Effect (adapted from Philips-Morgan Electroceramics). 



The pyroelectric effect, which was named in 1824 by Brewster but 
known as a phenomenon since before, is the property of certain materials 
that have a spontaneous electrical polarization which is a function of 
temperature [7], as shown in Figure 4. The polarization is along a unique 
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axis that is called the polar axis. Static polarization induces charges that 
are neutralized by losses due to finite material resistivity, therefore only 
temperature variations can be detected. 

Pyroelectricity is exploited in thermal radiation detectors [8], i.e. those 
in which the radiation produces a temperature change that is converted 
into an electric signal, as opposed to photon detectors, like photodiodes, 
where the radiant to electrical conversion is direct. Pyroelectric detectors 
generally have wide spectral response, high speed, and require no cooling 
to improve the signal-to-noise ratio. Typical applications of pyroelectric 
sensors are in occupancy detection systems, burglar alarms, contactless 
temperature measurement (pyrometers), infra-red cameras and vidicons, 
gas analyzers, laser power meters, and more. 



Polar 

axis 







Figure 4. Pyroelectric Effect. 



The degree of structural symmetry of a given material directly affects 
its piezoelectric and pyroelectric properties, as shown in Figure 5. Out of 
the 32 crystal classes (point groups) into which any one crystal can be 
classified, 1 1 are centrosymmetric, therefore they posses no polar 
properties and are not piezoelectric nor pyroelectric. The remaining 2 1 do 
not have a center of symmetry, and 20 of them are piezoelectric. Out of 
such 20 classes, 10 have a unique polar axis of spontaneous polarization, 
therefore they are pyroelectric. Ferroelectrics are a subclass of 
pyroelectrics whose polarization is reversible under an applied electric 
field. 

The materials belonging to the class of ferroelectrics exhibit the 
strongest piezoelectric and pyroelectric effects. Ferroelectrics can be either 
monocrystals, e.g. Rochelle salt, or polycrystals, e.g. barium titanate or 
lead zirconate titanate (PZT) ceramics [9, 10]. 

In ferroelectrics, the electrical dipoles are arranged in domains. Above a 
certain temperature dependent on the particular material, called the Curie 
temperature Tc, the domains are randomly oriented so they average out 
and produce a zero net polarization. 
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Figure 5. Point Groups and Material Properties. 



A treatment called poling is applied to set up a permanent polarization 
in ferroelectrics, as illustrated in Figure 6. An electric field is applied 
usually at high temperature to orient the domains, and maintained while 
cooling back to room temperature. At this point, the material maintains a 
remnant polarization along the poling axis and exhibits both the 
piezoelectric and pyroelectric effects. Poled ferroelectrics must operate at 
a temperature well below their Tc, otherwise thermal depoling occurs. 



electrodes 

N 


























Random dipoles Poling 

Figure 6. Poling of Ferroelectrics. 



Remnant polarization 



Piezoelectricity involves a mutual interaction between the electrical and 
mechanical domains that can be described by linear piezoelectric 
constitutive equations [5, 6]. 

There are several options for constitutive equations, according to which 
of the electrical and mechanical quantities are chosen as the independent 
and dependent variables. In the monodimensional simplified hypothesis, 
the following four formulations are possible: 
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S = s'^T + dE 


\T = c^S-eE 




(l.a) 


D = dT + z^E 


[D = eS + z^E 


S = s^T + gD 


,, ,, \T = c’^S-hD 




(1-b) 


E = -gT + Dlz^ 


[E = -hS + Dl. 



(I.C) 

(l.d) 



where: 

S= strain [m/m]; 

T= stress [N/ m^]; 

D = dielectric displacement [C/m^]; 

E = electric field [V/m] 

= elastic compliance [m^/N] at constant X 
=l I = elastic stiffness [N/ m^] at constants 
8“^ = dielectric permittivity [F/m] at constant X 
d, e, g,h = piezoelectric constants 

The piezoelectric constants, the elastic stiffness and compliance, and 
the dielectric permittivity are linked by the following relationships: 



d - zT g = s^e = [c/n] = [mA/] 
e = = c^d = [c/m2]= [N/mv] 

g - \/ ZT d = S^h - [m2/c]= [vm/N] 
h = \!z^ e = c^g = [n/c] = [v/m] 
z'^ =z^ +de ; c^=c^+he 

The energy transfer between the electrical (E) and mechanical (M) 
domains is expressed by the electromechanical coupling coefficient k\ 



(stored energy) _ (stored energy) ^ _ d^ 

(supplied energy) (supplied energy) ^ s^z^ 



In the more general case of a tridimensional nonisotropic medium the 
tensorial notation becomes necessary for generalizing the Eqs.(l) [11]. For 
example, under the usual assumption of summation over repeated indexes, 
Eq.(l.a) becomes: 
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[A- “ ^iklTkl + ^ik^k 



Sjj = 2nd-rank strain tensor 
Ti^i = 2nd-rank stress tensor 

E 

^ijki = 4th-rank compliance tensor 

T 

^ik = 2nd-rank permittivity tensor 
= 3rd-rank piezoelectric tensor 



( 3 ) 



Equations analogous to Eq.(3) can be written for the other three 
formulations as a generalization of Eqs.(Eb), (l.c), and (l.d). 

Thanks to the symmetry of strain and stress tensors the reduced index 
notation illustrated in Figure 7 can be used, and Eq.(3) becomes: 



1‘3'y — sfjTj + 



Z 3 




Index ij Reduced Index I Matrix Representation 
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Figure 7. Reduced Index Notation. 



Pyroelectricity implies that the polarization P of a material is a function 
of temperature T. In ferroelectrics, P includes both a spontaneous 
polarization P 5 and a field-induced polarization P,„j. Eimiting to scalar 
notations, the dielectric displacement D is given by: 

D = z^E + Ps+P,„,=Ps+zE ( 5 ) 



The variation of D with respect to T, assuming constant E, is called the 
generalized pyroelectric coefficient pg of the material. That is: 



P 



g 



dP 

8T 



dPg _ de 
— - + E — 
8T 8T 



p + E 



8s 

8T 



( 6 ) 



Therefore, pg has two contributions given by the two terms at the second 
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member of Eq.(6). The first term p=dP^dT is the so-called true 
pyroelectric coefficient. The second term represents the induced 
pyroelectric effect. Sensors exploiting the induced pyroelectric effect are 
said to operate in the dielectric bolometer mode. They do not require 
poling and are not limited to work below the Curie temperature of the 
constituent material, but need an applied electric field E [8]. 

When the material shape and volume are kept constant, i.e. at constant 
strain, the definition of Eq.(6) describes to the so-called primary 
pyroelectric effect. When the material is free to undergo thermal 
expansion, i.e. at constant stress, an additional contribution results from 
the piezoelectrically induced charge. This second phenomenon is called 
the secondary pyroelectric effect. In the case of films on a substrate, the 
partially-clamped boundary conditions and the given materials determine 
the relative importance of the primary and secondary effects [12]. 

Eimiting to the true pyroelectric effect, if electrodes are placed 
perpendicular to P in a material where the temperature T is assumed to be 
uniform and they are wired in a circuit, a time-variation of T induces a 
current in the circuit, as shown in Figure 8a. 

The electrical output can be related to the radiant energy input by 
means of the thermoelectrical model of Figure 8b, where Rt, Rp and Cp, Cp 
represent the thermal and electrical resistances and capacitances 
respectively. Assuming an incoming radiant power W harmonic at the 
angular frequency o, the voltage and current responsivities are 
respectively defined as [7] : 



Ry{(Si) = 



W((o) 



Rj(a) = 



W((o) 



(7.a) 

(7.b) 



The schematic Bode plots of the relevant quantities shown in Figure 8c 
allow to analyze the dynamic properties of a pyroelectric sensor. In 
particular, both a thermal and an electrical comer frequencies are present, 
respectively given by coj=l/RrCr and cop^l/RpCp. The relative position of 
(Or and cop depends on the material and geometrical parameters. For bulk 
sensors generally ( 0 £> cor while the opposite is true for thin film sensors. 

The use of a transimpedance amplifier allows to make Rp and Cp 
virtually uninfluential, and the electrical time constant can be tailored by 
means of the external components Rp and Cp. 

The simplified model of Figure 8 becomes inadequate when the sensor 
has a multilayered stmcture and the thermal profile along the thickness 
and across the different materials becomes important [13]. 
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4. PZT SCREEN-PRINTED THICK FILMS 



Lead zirconate titanate (PZT) is a ferroelectric polycrystalline ceramic 
made by a solid solution of two perovskite type oxides, i.e. oxides with a 
formulation of the type ABO3, namely lead zirconate (PbZrOs) and lead 
titanate (PbTiOs) [5]. 

Above the Curie temperature of around 330-350°C, or lower depending 
on composition, the structure is cubic, therefore the associated symmetry 
determines a nonpolar behavior. Below the Curie temperature the structure 
is rhombohedral or tetragonal, therefore the associated asymmetry 
determines a polar behavior. 




C) 



Figure 8. Pyroelectric Sensor Representation (a); Electrothermal model (b); 
Electrical responses (c). 



PZT in general exhibits large piezoelectric and pyroelectric effects, and 
has a high electromechanical coupling coefficient that makes it ideal in a 
lot of fields both in sensing and actuating applications. PZT is prepared 
and commercialized in various compositions with different grades and 
denominations, such as PZT-4, PZT-5, PZT-5H, and others [5]. Another 
commercial name of PZT is PXE, standing from piezoxide [9]. 

The use of PZT films is widespread in sensors and mierosystems 
and there are a number of methods to obtain them, one of which is screen 
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printing [14], Compared to other deposition methods for PZT films [8,15], 
such as physical vapor deposition (PVD), chemical vapor deposition 
(CVD), chemical solution deposition (e.g. sol-gel by spin coating), screen 
printing offers several opportunities. First of all, higher film thickness can 
be obtained, namely in the range 10-100 pm, compared to less than 5 
pm/layer for a typical sol-gel process. A high film thickness is often 
desirable for actuating and sensing purposes. In addition, the 
manufacturing can be comparatively simple with less critical process 
parameters, thereby often leading to lower cost. 

PZT screen-printable pastes are not generally available as commercial 
products as readily as the standard TFT inks for electronics and sensor use, 
such as, for example, the piezoresistive inks. Typically, most of the 
researchers involved in sensor and microsystem applications of PZT thick 
films prepare their paste in house, or obtain it from other specialized 
laboratories. The typical formulation of a PZT screen-printable paste and 
the flow in the preparation process are described in Figure 9. 




screen-printable paste 



Figure 9. Preparation of PZT Screen Printable Paste. 



The functional part is the PZT powder that can have different 
characteristics depending on specific composition, with average 
granulometry in the micron range. As the binder, PbO is often used in a 
mixture of 5 to 20%wt. Alternatively, other materials such as a glass frit or 
lead borosilicate can be used. As the vehicle, a solution of terpineol in 
ethylcellulose provides good rehology characteristics, but commercial 
thinners are used as well. Optionally, grinding of the powder mixture and 
wet ball milling of the paste are performed to improve homogeneity. 

The obtained PZT paste is then screen printed on the substrate as 
described in Section 2. The most commonly used substrate when using the 
standard TFT process is alumina (AI2O3), but also insulated metals are 
possible. The electrodes are most often obtained by screen printing 
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commercial conductor pastes based, for instance, on PdAg compositions. 
Evaporation of metals is also sometimes used for the topmost electrodes. 

After a suitable drying and leveling process, the paste is fired at high 
temperature in conditions that may be between 900 and 1000°C for 
20-30 min. Poling is than performed in typical conditions of applied field 
between 2 to 5 MV/m at 150°C or more for around 30 min. 

The typical characteristics obtainable for PZT thick films by the above 
described processes are compared in Table 1 to those of the bulk ceramic 
made by the same powder composition used for the paste. 



Table 7. Typical Characteristics of a PZT Bulk Ceramic Versus Thick Film of the Same 

Powder Composition. 



parameter 

rel. dielectric const. s%q 
piezoelectric coeff. d [C/N] 
density p [g/cm^] 
elastic modulus 1/^° [N/m^] 



BULK CERAMIC THICK FILM 

1300 570±25 

32010-''2 (130±20)10-''2 

7.7 5±0.1 

9-1010 (3.1±0.3)-10io 



It can be observed that the thick film globally exhibits lower values for 
all of the considered properties compared to the bulk ceramic, for instance 
the mass densities are in a ratio of about 2/3. This is consistently related to 
differences in the microstructure, whereby the PZT thick films typically 
exhibit a much high degree of porosity than the bulk counterpart. 

Isostatic pressing before firing the films has been proposed to reduce 
porosity and improve their overall characteristics [16]. 

Microstructural features of PZT thick films strongly depend on the 
starting powder, paste composition, and processing parameters [17]. An 
example is shown in the pictures of FigurelO. 




Figure 10. Microstructural Comparison of PZT Thick Films Prepared 
at the University of Brescia. 
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In addition to the standard processes and materials of TFT, thick films 
of PZT for sensing applications can also be obtained on other substrates 
and with somewhat different deposition methods. 

An interesting and topical research field is the screen printing of PZT 
thick films on silicon for microsensing and MEMS applications [18,19], 
Screen-printed-on-silicon PZT is attractive in all those applications where 
the higher thickness obtainable compared to different deposition methods 
is at premium. Apart from the aspects related to the dimensional resolution 
and the feasibility of printing on fragile suspended elements such as beams 
and membranes, an important issue to be considered in the overall process 
is the lead diffusion into silicon driven by the high firing temperature [20]. 

Other interesting variants for deposition methods of PZT thick films 
are, for instance, the use epoxy resins as binders that allow for low- 
temperature curing [21], the preparation of piezoelectric “paints” that can 
lead to films on plastics and flexible substrates [22], or sol-gel spraying on 
metals and curved surfaces [23] by which a large thickness is obtainable. 



5. PIEZOELECTRIC ACOUSTIC-WAVE THICK-FILM 
SENSORS 

Different types of piezoelectric transducers can be obtained depending 
on the configurations in which piezoelectric elements are arranged 
[24, 25], as summarized in the four cases of Figure 11 described in the 
following. 

Figure 11a represents the case where the input signal is the electrical 
(E) stimulus to the piezoelectric element, and the output signal is the 
mechanical (M) response. Therefore, the configuration is based on EM 
conversion and the piezoelectric transducer works as an actuator. 
Examples of this type are micropositioners, motors, sonic or ultrasonic 
emitters. 

Figure 11b represents the opposite case, where the input signal is the 
mechanical stimulus to the piezoelectric element, and the output signal is 
the electrical response. The configuration is now based on ME conversion 
and the piezoelectric transducer works as a sensor. Examples of this type 
are vibration pick-ups, sonic or ultrasonic receivers. 

Figure lie represents a sensor configuration based on an EM-ME 
open-loop conversion, where an electrical stimulus to an input 
piezoelectric element generates a mechanical effect in a medium that is 
converted back into an electrical response by a second piezoelectric 
element. The input quantity, i.e. the one to be measured, modulates some 
property of the mechanical propagation path between the two piezoelectric 
elements, and it is transduced into the output signal in the form of a 
perturbation of the electrical transfer function between stimulus and 
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response. 

The mechanical propagation path can be external to the transducer, 
such as for instance in ultrasound flowmeters, or be an integral part of the 
transducer itself. In this case, the transducer sustains the propagation of 
mechanical elastic vibrations, i.e. acoustic waves, and the sensor can be 
called an acoustic-wave (AW) sensor [26, 27]. The presence of two 
separate piezoelectric elements is not strictly required, in fact a single 
element as well can be used. In this case, the mechanoacoustic propagation 
path becomes the piezoelectric element itself. 

Figure lid extends the concept of acoustic-wave sensors by inserting 
the configuration of Figure lie as the feedback element of an amplifier, 
therefore creating an EM-ME closed-loop conversion. If proper gain 
conditions are satisfied, the system can be made resonating at one of the 
natural frequencies of the mechanoacoustic propagation path that, in turn, 
depends on the input measurand quantity. Therefore, the resonant 
frequency can be conveniently taken as the output signal. The resultant 
device can be called an acoustic-wave resonant sensor [28-33]. 




input / stimulus output / response input / stimulus output / response 



a) 



input 




stimulus 



transducer 



output / response 



b) 

C) 



input 




Figure 11. Types of Piezoelectric Transducers: EM Conversion (a); ME Conversion (b); 
EM-ME conversion (c); Closed-loop EM-ME Conversion (d). 



AW resonant sensors offer a number of advantages related to their 
operating principle and frequency output, such as high potential sensitivity 
which is solely determined by mechanical properties and is virtually 
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unaffected by piezoelectric coefficients and amplifier gain, good stability, 
resolution and noise immunity, direct interfaceability with digital systems. 

Piezoelectric acoustic-wave sensors base their operation on 
piezoelectrically-excited matter vibrations propagating in elastic media. 
Several wave propagation modes are possible, including longitudinal or 
transverse (shear) waves, for which particle motion is respectively parallel 
or normal to the wave propagation direction, or combinations of the two. 
Such a diversity in wave modes gives rise to a number of different sensor 
devices, such as the bulk acoustic wave (BAW), surface acoustic wave 
(SAW), and flexural plate wave (FPW) devices, to name a few [26-27,34]. 

Apart from their specific configuration and structure, piezoelectric AW 
sensors can be grouped into two general categories, namely the one -port, 
and the two-port sensors. 

As shown in Figure 12, one-port sensors have a single pair of 
connections for both stimulus and response, while two-port sensors have 
two separate connection pairs. Indicating with H the electrical transfer 
function being modulated by the measurand input, for one-port sensors H 
is the impedance (or the admittance) relating current and voltage at the 
sensor port, while for two-port sensors 7/ is a current-current, voltage- 
voltage or mixed ratio that mutually couples the two ports. 

In both cases, mechanical resonances in the sensor reflect into electrical 
resonances of the transfer function H, and therefore the former ones can be 
detected and referred to the measurand by measuring the latter ones. 
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Figure 12. One-port (a) and Two-port (b) Piezoelectric Acoustic-wave Sensors. 



AW sensors in the closed-loop configuration of Figure lid are of two 
types, namely resonators, and delay lines. They are shown in Figure 13. 

Resonators around each resonant frequency to first approximation can 
be thought as 2-nd order lossless mechanical systems with equivalent mass 
M and spring constant K, respectively related to the material density p and 
stiffness c and both depending on a frequency-determining dimension /. 
The resonant frequency in question can be expressed as: 
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Figure 13. Resonator (a) and Delay Line (b) Configurations 
for Acoustic-wave Resonant Sensors. 



Delay lines behave as acoustic propagation paths of length L and phase 
velocity Vp. The resonant condition is that for which the phase O around 
the loop is equal to 2nn=0iL/vp, where n is an integer. Therefore, the 



f = n 




resonant frequencies are harmonics given by: 



( 9 ) 



The sensitivity and fractional sensitivity Sx towards a generic 
measurand x can be defined as [35]: 



/ * / 

For a resonator sensor, from Eqs.(8) and (10) 5!^ can be derived as: 



( 10 ) 



5 



X 



^ dc dp 1 _ dK dM 
^ 2c 2p I j dx 2Kdx 2Mdx 



( 11 ) 



Eq.(ll) shows that if the measurand x produces an increase (decrease) 
in the equivalent spring constant K by increasing (decreasing) the stiffness 
c, then the resonant frequency increases (decreases). Conversely, if the x 
produces an increase (decrease) in either the equivalent mass M by 
increasing (decreasing) the density p, or the dimension I, or both, then the 
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resonant frequency decreases (increases). 

For a delay-line sensor, from Eqs.(9) and (10) 5^: can derived as: 

S ( 12 ) 

V pdx L dx 

Eq.(12) shows that if the measurand x produces an increase (decrease) 
in the phase velocity Vp, then the resonant frequency increases (decreases). 
Conversely, if the x produces an increase (decrease) in the propagation 
length L, then the resonant frequency decreases (increases). 

The above considerations, though derived starting from simplified 
models, are useful to qualitatively predict the effect of a given measurand 
on a resonant sensor output and to provide guidelines for design. 

Some examples of AW piezoelectric resonant sensors made in TFT will 
be briefly discussed in the following. 

One of the first TFT piezoelectric resonant sensors ever reported is a 
pressure sensor [36, 37]. The sensor has a two-port resonator configuration 
based on an alumina circular diaphragm excited in flexural resonance by 
properly driven PZT films. The differential pressure applied across the 
diaphragm deforms it and generates a radial tension. This in turn increases 
the equivalent stiffness, therefore, according to Eq.(12), the resonant 
frequency rises. The reported sensitivity was around 150 FIz/rrmiHg at a 
frequency of 57.8 kFlz. 

In another device, a surface-wave sensor structure was realized by 
screen printing on a rectangular alumina substrate two PZT elements with 
interdigitated electrodes respectively working as emitter and receiver of 
acoustic waves along the substrate [38]. In this case, the sensor is 
configured as a two-port delay line that, equipped with an electronic 
amplifier, behaves as a delay-line oscillator. A force applied in the center 
of the substrate due to a mass load generates a strain or, equivalently, an 
increase of the acoustic path length L. This in turn, according to Eq.(12), 
produces a decrease in the frequency. A frequency decrement of around 
40 Hz for a load of 100 g was reported at a resonant frequency of 8 MHz. 

Figure 14 shows an hydrostatic pressure resonant sensor based on a 
rectangular alumina beam on which two PZT thick-film elements are 
positioned [39]. They work as drive and sense elements in a two-port 
configuration and, by closing the loop with a proper amplifier circuit, they 
allow to excite the beam in flexural resonance. As shown in Figure 15a, 
the beam was mounted in a DIE package supported by the bonding wires 
in an approximately free-free condition that provided a marked resonance 
at the fifth flexural mode located at 198 kHz. The hydrostatic pressure of a 
surrounding gas has the effect of increasing the beam inertia, therefore the 
resonant frequency decreases. This is shown in Figure 15b that reports the 
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sign-inverted frequency shift at the oscillator output as a function of the 
pressure increment over the ambient value. A linear behavior up to 4 bar 
can be observed, with a sensitivity of around -35 Hz/bar. 

This sensor configuration has an extended measuring range and a high 
overload capability since no deformable diaphragms are present that may 
fracture. The operation limit is determined by the amount of tolerable 
damping before the resonance becomes so loosely detectable by the 
electronic circuit that oscillations stop. On the other hand, the sensitivity 
depends on the particular gas. 



pressure P 




Figure 14. Layout (a) and Operating Principle (b) of a Hydrostatic 
Pressure Resonant Sensor. 





Figure 15. Picture (a) and Resonant Frequency Versus Pressure (b) 
of the sensor of Figure 14. 



Figure 16a illustrates a PZT-on-steel resonant tuning fork force sensor 
[40]. On a steel beam a dielectric insulation layer was screen printed 
followed by three PZT thick films with associate electrodes. The two 
elements at the beam ends connected in parallel work as a driver and the 
central element as a sensor in a two-port configuration which, arranged in 
a closed loop with an amplifier, allows to excite the beam in flexural 
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resonance. 

When the beam is clamped at both ends, an axial traction force 
increases the equivalent stiffness, therefore the resonant frequency rises. 
The relationship between frequency and applied force is linear for small 
forces. The beam was mounted on a clamped-free aluminum frame to 
transform an applied vertical force into an elongation of the beam as 
shown in Figure 16b. A sensitivity of 1.1 FIz/N at the resonant frequency 
of 35 klTz was measured, with a linear range up to 800 N. 




Figure 16. PZT-on-steel Resonant Tuning Fork Force Sensor (a); Tuning Fork Sensor 
Mounted on its Supporting frame (b). 



An important topic of study and field of application of PZT thick films 
is variable-mass AW sensors [32, 41] or, more generally, AW sensors 
responsive to an applied acoustic load. Variable-mass, also called 
gravimetric, AW sensors work as resonant microbalances. By 
functionalizing the surface with a sorption coating they can be used for 
chemical sensing, as schematically shown in Figure 17. 



, target analyte 



sorption i 
coating ' 



M 



-resonant microbalance 
equivalent model 



dm, p = initial mass and density of the coating 
Cx = ambient concentration of the target analyte x 
kx = partition coefficient of the analyte x in the coating 



Figure 1 7. Schematic Representation of a Resonant-microbalance Chemical Sensor. 
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With the meaning of symbols given in Fig. 17 and indicating by Sm the 
mass fractional sensitivity of the sensor as a microbalance, the relative 
frequency shift in the presence of a given ambient concentration of the 
target analyte can be expressed as [26] : 



df c ^ 1 

— = SJm l + —c^ 

f \ P ) 



(13) 



PZT thick-films were firstly used in gravimetric sensing as part of two- 
port resonator sensors with polymeric coatings for the detection of 
humidity in air [42,43]. A significant increase in mass sensitivity was later 
obtained by using the PZT thick film itself as the resonator forming the 
microbalance, leading to a device named resonant piezo-layer (RPL) 
sensor [44, 45]. 

As shown in Figure 18, the structure of a thick- film RPL sensor is 
made by the superposition of a non-piezoelectric substrate, specifically 
alumina, a bottom electrode layer, a PZT layer poled along its thickness, 
and a top electrode layer. The PZT film is acoustically coupled to the 
substrate, leading to a thickness-expansion composite resonator, which can 
be used as a bulk acoustic-wave sensor responsive to an acoustic surface 
load. 




TOP VIEW ^ alumina 

Figure 18. Structure of a Resonant Piezo-layer (RPL) Sensor. 



Typical dimensions are 5 mm for the electrode diameter, 250, 10 and 
90 pm for the thickness of the substrate, electrodes and PZT respectively. 
This results in a resonant frequency of around 7 MFlz, while higher values 
can be achieved for thinner devices. 

A surface mass load on the top electrode determines a frequency 
decrement with a sensitivity that exceeds 500 kFlz/mg at 7 MFlz [46]. This 
is comparable to what obtainable with a quartz crystal microbalance 
(QCM) sensor at the same frequency. As an advantage, the RPLs offer the 
opportunity to fabricate low-cost multisensor arrays on the same substrate. 
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as shown in Figure 19a. The array also integrates a resistive heater driven 
in the constant-temperature mode, as illustrated in Figure 19b, to minimize 
the thermal drift of the sensor resonant frequencies that typically can be as 
high as 800-1000 kHz/°C. 

Figure 20a reports the measured mass sensitivity of RPL sensors 
having different thickness of the PZT films while maintaining the same 
250-pm thick alumina substrate. By the use of proper sorption coatings, 
the achieved mass sensitivity is suitable for gravimetric chemical sensing 
[47, 48]. As an example. Figure 20b shows the comparison of the cyclic 
responses to toluene of two 7-MFlz RPL and two 10-MFlz QCM sensors 
sensitized with cavitand receptor films [49, 50]. 




Figure 19. Array of Four RPL Sensors Plus Integrated Resistive Heater (a); Constant- 
temperature Driving Mode of the Heater for Thenual Stabilization (b). 





0 10 20 30 40 50 60 70 SO 90 100 110 120 

Time |min] 



Figure 20. Measured Mass Sensitivity of RPL Sensors of Different PZT Thickness (a); 
Response to Toluene of RPL and QCM Sensors Sensitized with Cavitand Receptors (b). 
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While RPL sensors have been so far investigated for gravimetric 
chemical sensing in air, other AW sensor configurations based on PZT 
thick films could be desirably envisaged for in-liquid measurements. 
Interesting results in this respect are, for instance, the use of silicon 
microcantilevers actuated by PZT thick films for bio-chemical analysis in 
solution [51], and the exploitation of PZT elements to generate flexural 
plate waves in micromembranes starting from bulk modes [52], 



6. PYROELECTRIC THICK-FILM SENSORS 

The same as with the piezoelectric properties, also in the case of the 
pyroelectric characteristics, PZT thick films exhibit differences compared 
to the bulk ceramic counterpart [53, 54], 

In particular, the reported pyroelectric coefficient p is typically between 
1.2 and 1.5x10'"^ Cm'^K"' for thick films, depending on paste composition 
and poling parameters, while is around 3.8x10“* Cm'^K"' for bulk PZT. 
Densification processes based on the application of isostatic pressure 
before firing has been proposed to increase p [55]. On the other hand, the 
much lower dielectric permittivity of thick films favorably determines a 
voltage responsivity that can be similar or higher than for bulk ceramics. 

Pyroelectric sensors employing PZT or modified-PZT screen-printed 
thick films have been reported as single-element detectors [54, 56-57], as 
well as in the form of multisensor arrays [53, 58]. 

Often, the attention has been focused more on material properties rather 
than on the design of sensor systems for particular applications. Typically, 
measurements have been carried out mainly with relatively high-power 
light sources, such as lamps and lasers. 

For example, thick films of lead lanthanum zirconate titanate (PLZT) 
were used to fabricate a linear array that was tested under excitation by 
means of a flash lamp [58]. A pyroelectric detector made by a PZT thick 
film with buried electrodes was proposed and tested by means of an IR 
chopped source [54]. 

Multi-element thick-film pyroelectric sensors were also proposed for 
wide spectral range radiation detection (from IR to UV), and laser beam 
alignment and profiling. Figure 21a and Figure 21b respectively show an 
array of 3x3 pixels [59] and a four-quadrant detector [60] made by PZT 
thick films on alumina intended for laser spot localization. 

It has been demonstrated that PZT thiek films ean produee 
signifieant pyroeleetrie signals when exeited by low-power light 
sourees, sueh as a light-emitting diode (LED) in the visible. 





Figure 21. Pyroelectric Multielement Sensors: Array of 3x3 Pixels (a) and Four- 
quadrant Detector (b). 



If, as shown in Figure 22, the LED is driven in amplitude modulation 
and the eorresponding pyroeleetrie eurrent is eonverted into a voltage, 
synehronously reetified, and low-pass filtered, then a DC voltage Vo is 
obtained which depends on the light intensity collected from the LED. 
Interferences from thermal and light background are rejected. The 
maximum responsivity is typically obtained for a modulation frequency in 
the order of 100 Hz. The typical output signal of the transresistance 
amplifier shown in Figure 22, taking into account of the gain, sensor 
dimensions and pyroelectric coefficient, corresponds to peak temperature 
variations in the PZT film of about 70 pK. 





Figure 22. LED Excitation and Synchronous Detection of a Pyroelectric Signal. 



Based on this principle, pyroelectric contactless displacement sensors 
were proposed. For example, the sensor of Figure 23a and a coupled LED 
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respectively work as the reference element and the movable light-spot 
cursor to contactless measure linear displacement [61], 

The sensor consists of a planar multi-layer structure on alumina 
substrate where a rectangular film of PZT is enclosed between two PdAg 
electrode layers at the top and bottom. Each layer is actually composed by 
a pair of triangular split electrodes (left, L, and right, R). The resulting 
four electrodes are combined in reverse-parallel with respect to the 
common poling direction, so that the pyroelectric signals from the R and L 
subsections subtract in a push-pull configuration. 

The LED spot position along the sensor length is converted into a 
suitably linear DC output by means of the readout method of Figure 22. 
The readout method, combined with the differential configuration of the 
sensor, provides rejection of vibrations and microphonics caused by the 
piezoelectric response of PZT, and of external thermal and light sources. 

Figigure 23b shows the measured sensor response over the of range 
±10 mm for different driving currents of the LED. The sensitivity ranges 
from 66 to 120 mV/mm with a nonlinearity of about 4% of the span. 
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Figure 23. Contactless Linear Displacement Sensor to be Coupled with a LED Cursor 
(a); Sensor Output Versus LED Position for Different Driving Currents (b). 





An extension of the same principle was proposed for biaxial position 
measurements by means of the pyroelectric sensor array shown in Fig.24. 

The sensor array is made by 8x8 pixels of PZT screen printed on an 
alumina substrate [62]. The electrodes are configured as 8 columns and 8 
rows evenly spaced, whose respective crossings form the 64 pixels of the 
array. 

When an amplitude-modulated LED is placed in front of the array and 
moved in the XY plane parallel to the array surface, as illustrated in 
Fig.25a, the array and the LED respectively work as the reference element 
and the contactless cursor of a biaxial position sensor. By means of a 
purposely designed method of readout and processing of the pyroelectric 
signals, a continuos and linear dependence of the output voltages on XY- 
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position of the LED were obtained. The sensitivity was about 1 V/mm 
over the range ±3.5 mm, with a nonlinearity within ±1% of the span. The 
resolution threshold was 4 |um, therefore much better than the pixel-to- 
pixel pitch. 




Figure 24. Pyroelectric Array with 8x8 Pixels for Biaxial Measurement of LED Spot 
Position: Array Layout (a) and Picture (b). 
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Figure 25. Test Configuration for the Pyroelectric Array (a) and Measurement Results 
Along a Square Reference Path (b). 



Fig.25b shows the results of biaxial measurements along the worst-case 
squared test path with side of 7 mm, i.e. on the borders of the linearity 
region. A good reconstruction of the LED trajectory can be observed. 

Compared to semiconductor position-sensitive detectors, thick-film 
pyroelectric sensors and driven LEDs for contactless displacement 
measurement offer the advantage of lower cost at larger sensing areas. On 
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the other hand, due to their poor high-frequency response with standard 
film and substrate thickness, they have been restricted so far to quasi-static 
applications. 



7. CONCLUSIONS 

Both driven by an increasing number of new potential applications and 
stimulated by technological advances, the field of sensors is evolving 
along a trend from single-element sensors to sensor systems with complex 
functionality. As a consequence, a successful sensor technology is ever 
increasingly required to comply with and support such a trend. 

In this respect, mono-technology solutions seem to be not that efficient, 
with a reason for this certainly represented by the peculiarities of the 
sensor field compared to other fields, like, for instance, the 
microelectronics. A good example is the role and potential of silicon 
micromachining and MEMS technology for sensors [63]. The main 
characteristics and strengths of silicon micromachining are miniaturization 
to the microscopic scale, standardization of materials and processes, 
leading to batch production and, in turn, to low cost provided that large- 
volume markets are available. 

On the other hand, the typical requirements for sensors are 
miniaturization often to the mesoscopic scale, wide diversification of 
materials related to the sensing principles and target operating conditions, 
consequent need for nonstandard processes and packaging, low to medium 
cost in markets that, apart from few exceptions, are low to medium in 
volume. 

In fact, it appears that the sensor and microsystem field intrinsically 
demands for a range of different micro fabrication technologies [64], 
possibly combined together in hybrid optimized solutions. 

In this framework, TFT traditionally has been playing a role that can be 
expanded when combined with non-conventional pastes and new sensor 
designs, such as with the piezoelectric and pyroelectric devices illustrated 
in this chapter. 
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Abstract: Surface acoustic wave (SAW) devices can be turned into identification and sensor 

elements, so called SAW transponders. Identification elements transmit an 
individual ID number and sensor elements measure physical quantities such as 
temperature, pressure, torque, acceleration, humidity, etc. The SAW devices do 
not require any power supply and may be accessed wirelessly. 

The complete sensor system consists of such a SAW transponder and a local 
radar transceiver (reader unit). An RF burst transmitted by the radar transceiver is 
received by antenna of the passive SAW transponder. The passive transponder 
responses with an RF signal, like a radar echo, which can be received by the 
front-end of the local transceiver. Amplitude, frequency, phase and time of arrival 
of this RF response signal transmit information about the SAW reflection and 
propagation mechanisms which in many cases can be directly attributed to the 
sensor effect for a certain measurement value. Due to the high delay time of the 
SAW transponder in the order of a few microseconds, usually no intersymbol 
interferences due to environmental reflections occur when the system operates in 
harsh indoor/outdoor environments. 

This chapter first surveys about classical wired SAW sensors. Then the functional 
principles of such wireless SAW transponder systems and the reader systems will 
be pointed out. Furthermore the design requirements for SAW transponders, such 
as identification tags and radio sensors, several application examples and their 
state-of-the-art performances are presented. 

Keywords: Passive SAW transponder, surface acoustic wave, local radar transceiver, 
wireless measurement, sensor, identification, temperature, pressure, torque, 
acceleration, tire-road friction, magnetic field, water content of soil 
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1. INTRODUCTION 

Today there are a lot of applications in which sensors must measure 
logistical, physical, chemical, or biological quantities such as identification, 
temperature, pressure, torque, acceleration, humidity, etc. After the 
measurement the obtained data must be further processed. In many 
applications, a wired connection between the sensor and the data processing 
system is not applicable. The sensor may be in a remote room or a process 
chamber, pressure or radiation can inhibit a direct link. In this case a radio 
sensor system offers a solution. Apart from active sensor units [63], such 
sensor systems can be realized by combining radar techniques and wireless 
surface acoustic wave (SAW) devices. Compared with conventional telemetry 
systems the main features are a large readout distance of several meters, and 
that SAW devices do not require a battery or any other power supply. 
Wireless passive SAW sensors and identification marks can be 
advantageously placed on moving or rotating parts and in hazardous 
environments, as contaminated areas or high-voltage plants. They can also be 
used for contact-less measurement in high-vacuum process chambers, under 
concrete, in extreme heat, or strong radioactive environment, where the use of 
conventional sensors is impossible, dangerous or expensive. SAW sensors can 
also be employed to increase comfort or safety at home, e.g. with personal 
switches or SAW based security systems. 

This chapter gives an overview on surface acoustic waves and the 
operating principle of classical wired SAWs. In section 2 the functional 
principle of wireless SAW transponder systems and the radio request or 
reader systems will be discussed. Section 3 and 4 describes the design 
requirements for SAW transponders, such as identification tags or radio 
sensors. Finally section 5 presents several application examples of such 
sensor systems and their state-of-the-art performances. A short conclusion 
with a synoptical table completes this chapter. 



1. 1 Surface Acoustic Waves (SAW) 

It was Lord Rayleigh (John William Strutt) at the end of the 19th century 
who treated in theory the problem of acoustic wave propagation along the 
surface of a semi-infinite isotropic medium [64]. The physics are 
mathematically treated by a boundary value problem. One solution, now 
called the Rayleigh wave (Figure 1), describes a wave whose amplitude of the 
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particle displacement decreases exponentially with depth, resulting in hardly 
any motion in the substrate at depths greater than about one acoustic 
wavelength X. This means, the wave is bound to the surface. The particles 
near the surface move along elliptic trajectories in the sagittal plane, which is 
the plane containing the surface normal and the propagation direction. The 
phase velocity vsAir of the wave is independent of frequency (no dispersion), 
and smaller than that of the slowest bulk mode. Therefore, on a plane surface 
no radiation loss into the substrate occurs, because no phase-match condition 
between the Rayleigh wave and a bulk mode is satisfied. The velocity vsAfv is 
in the order of 3000 m/s. At the same frequency, the acoustic wavelength is 
10'^ times smaller than the corresponding electromagnetic wavelength. 
Therefore several wavelengths can be stored in a small piece of a chip, thus 
allowing very steep filter characteristics. 



Elliptical particle 
trajectory 



Wave propagation 
typ. 3000 m/s 




Figure 1. Particle Displacement of a Rayleigh Wave, Propagating Along 
the Surface of a Semi-infinite Isotropic Medium. 



On piezoelectric substrates, there is a very convenient way for excitation 
and detection of an acoustic wave: the use of a so-called interdigital 
transducer, or IDT (Figure 2) [1]. 
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Figure 2. Top View and Cross Section of an Interdigital Transducer (IDT). 



In its simplest form, an IDT consists of a series of parallel planar metal 
electrodes which are periodically spaced on the plain-polished surface of a 
piezoelectric substrate and alternately connected to each other via two bus 
bars. Typically, aluminium is used for the metallization. If a DC voltage is 
applied to the two bus-bars, then, due to the converse piezo effect, the 
electrical field stimulates an elastic deformation. If an AC voltage is applied 
to the bus bars, a harmonic deformation is generated. This, in turn, leads to 
the excitation of elastic surface waves, radiating out of the transducer in both 
directions normal to the electrodes. By reciprocity, the detection process 
works in the reverse: an acoustic wave entering an IDT generates an electrical 
charge distribution and therefore an electrical RF output signal between the 
two electrode combs. 

For an IDT, the width and spacing of the electrodes and strips, together 
with the phase velocity \saw determine the operating frequency f. The sum of 
the electrode width and spacing gives the geometrical period p (pitch) of the 
IDT. In the simplest transducer, the pitch p is constant all over IDT. The 
condition for resonance is given by a SAW wavelength T of: 

A = 2-p ( 1 ) 

The operating frequency / of the IDT thereby results to: 



^SAW _ ^SAW 

X 2- p 



( 2 ) 
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The number N of pitches of the transducer determines its length in the time 
domain, which in turn results in the bandwidth B of operation of: 



Q ^ ^SAW 



( 3 ) 



Figure 3 shows a SEM photo of two SAW pulses, which were emitted by an 
IDT. 




Figure 3. SEM-photo of an IDT and two SAW Pulses (Photo by Siemens AG). 



Table 1 gives an overview of some important materials used in the SAW 
industry and their corresponding SAW parameters. The most used materials 
are Quartz (Si02), Lithium Niobate (LiNbOs) and Lithium Tantalite (LiTaOs). 
Quartz crystal cuts show excellent temperature stability, which is given by the 
first order temperature coefficient of delay (TCD). However the coupling 
coefficient of Quartz is low. On some cuts, the first order temperature 
coefficient of delay vanish, only a small quadratic dependence remain. The 
coupling coefficient is a measure of the efficiency to convert an applied 
microwave signal into mechanical energy associated with the acoustic wave. 
A high coupling coefficient is advantageous for good acoustic reflection. Thus 
the low coupling coefficient of Quartz limits the relative bandwidth, which 
can be electrically matched without losses to some percent. The coupling 
coefficient k^ of LiNbOs is much larger than that of quartz, allowing medium 
loss devices for wideband applications with relative bandwidths up to some 
10 %. LiTaOs shows extreme high coupling coefficients, which makes these 
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cuts highly suitable for low loss and wide band applications, as found in the 
RF stages of mobile phones. LiNbOs and LiTaOs show a temperature 
coefficient between 18 ppm/°C and 94 ppm/°C, thus these materials are very 
well suited for temperature sensors. The acoustic loss of all materials is nearly 
negligible at 434 MHz, but at 2.45 GHz, the loss of SAWs on Quartz or 
LiTaOs is extremely high. 

Table 1. Properties of some frequently used SAW substrate material cuts. “Orientation Cut” 
denotes the crystal orientation of the substrate surface normal, “Orientation Prop” gives the 
crystal orientation of the wave-propagation direction. 



Material 


Orientation 


VsAW 


G 


TCD 


Loss (dB/ps) 




Cut 


Prop 


(ppm/°C) 


433 MHz 


2.45 GHz 


Quartz 


ST 


X 


3158 


0.1 


0 


0.75 


18.6 




37°rotY 


90°rotX 


5094 


«0.1 


0 


- 


- 


LiNb03 


Y 


Z 


3488 


4.1 


94 


0.25 


5.8 




41°rotY 


X 


4750 


15.8 


69 


- 


- 




128°rotY 


X 


3980 


5.5 


75 


0.27 


5.2 


LiTa03 


36°rotY 


X 


4220 


«6.6 


30 


1.35 


20.9 




X 


112°rotY 


3301 


0.88 


18 


- 


- 



1.2 Design of SAW Devices 

The design of a SAW device is based on signal theory, network theory, 
and field theory [58]. Impulse response modeling allows for a first order 
design since the impulse response h(t) of the IDT is directly related to the 
overlap and spacing of the electrodes as a function of position. The frequency 
response H(f), which is given by the Fourier transform of the impulse 
response h(t), can therefore be computed straightforward from the electrode 
pattern. This procedure can also be reversed and used for transferring an 
aimed transfer function in an appropriate electrode pattern for a filter 
synthesis, which usually incorporates some weighting techniques. 

Signal-theory guidelines, however, are not capable of accounting for many 
microwave and microacoustic effects that have to be considered in accurate 
SAW design procedures. These so-called second-order effects include 
microwave reflections at strip and electrode edges, the effects due to 
longitudinal and transverse charge distribution in electrodes, mechanical 
loading effects (e.g. mass loading, stress loading, topographical loading at 
strip edges), the microacoustic attenuation and dispersion phenomena, the 
diffraction and refraction of SAW waves, the beam steering of SAW waves 
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due to the anisotropy of the substrate, the generation of spurious bulk-acoustic 
waves (BAWs) in the IDTs, the conversion of SAW waves into BAWs, ohmic 
losses of the metal strips, and the direct electromagnetic feed-through between 
the in- and out-coupling IDTs. The quantitative characterization of these 
second-order effects is done by applying field-theory approaches [59], device 
measurement, or a combination of both [60]. 

Usually, the results obtained using such experimental or theoretical 
methods are stored in databases to feed them into the final design procedure, 
which is based on network-theory techniques. The SAW structures are 
subdivided into substructures, which are themselves furthermore subdivided 
into basic two-port cells (with two acoustic ports) or three-port cells (with two 
acoustic ports and one electric port). A typical basic cell, for example, may be 
a single electrode or even a smaller portion of an electrode. The latter, 
extremely detailed subdivision into cells may be necessary if the charge 
distribution on the electrodes or edge effects have to be modeled very 
accurately. The electric and acoustic ports of the basic cells are then 
recursively combined using network-theory algorithms. Popular techniques 
used for cell modeling include various lumped-element methods, such as 
equivalent circuit modeling techniques, on the physical effects oriented 
methods like P-matrix formulations or coupling-of-modes techniques [65]. As 
a result of the sophisticated microacoustic design, the electric terminal 
behavior of a complete SAW device can be analyzed and optimized, also 
considering microwave parasitic and electrical matching structures. 



1.3 SAW Fabrication 

SAW manufacturing has been developed from the technology of integrated 
circuits [61]. Usually, SAW companies apply optical exposure, by which sub- 
micron patterning is already achievable. Line widths of less than 0.3 microns 
are possible [62]. Wafer discs, with diameters of up to 4 inches, are processed 
on a production scale. In contrast to semiconductor processes, only one single 
metallization layer has to be manufactured, but with a much higher demand 
for accurate line-width and thickness. In order to generating the metallization 
structure, etching or lift-off techniques are applied (Figure 4). The required 
pattern is repeated many times on the mask, so that many devices can be 
exposed simultaneously. 
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Lift-off Technique 
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Figure 4. Process Flow for the Fabrication of SAW Devices. 



A major issue is the minimum line width obtainable, because it determines 
the maximum operating frequency. Very fine lines can be obtained by X-ray 
or electron-beam exposure; however, up until now this has not been a useful 
commercial variant. As is seen from Figure 5, high resolution and good edge 
quality down to a pitch of 0.6 pm is routinely achieved using optical 
exposure. 




Figure 5. SEM Photograph of a Part of an IDT with Periodicity of 0.6 pm 
and Linewidth of 0.4 pm. 
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1.4 Classical SAW Based Band Pass Filter 



Figure 6 depicts a typical classical SAW filter. It consists of one or several 
transducers (and sometimes some reflectors) on a piezoelectric substrate, like 
quartz, LiNbOs, or LiTaOs, which is die-bonded into a housing and wired to 
pins. 



Output transducer 
(uniform) 




Figure 6. Schematic Drawing of a SAW Filter. 



SAW technology has been applied in electronic analogue signal processing 
over the past 30 years. The main application for SAW filters is in the field of 
radio transmission, like portable or wireless phones, TV sets, satellite 
receivers, or wireless systems. Figure 7 depicts a block diagram of a typical 
transceiver in portable phones. In the lower part the transmitter section and in 
the upper part the receiver section is shown. All those gray blocks show parts 
of the circuitry, where SAW filters might be used. Thus in a typical portable 
phone 3 to 5 SAW filters are wired. 
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Figure 7. A Schematic of a Typical Cellular Front-end. 



1.5 Sensor Effects in SAW Devices 

In most sensing applications, the quantity to be monitored both strains the 
SAW chip and also changes the SAW velocity by influencing the elastic 
constants of the substrate crystal. Other quantities such as gas or vapor 
concentration, voltage or magnetic field can be measured indirectly by coating 
the chip with a layer whose acoustical properties depending on the observed 
quantity; the SAW then reacts to changes in these properties. In either case, a 
change Ay of the quantity yo results in a variation of the delay time x, the 
corresponding phase (p and the center frequency / of the SAW device. The 
linear terms of a Taylor series expansion usually describe the situation well 
enough: 
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In the equations Sy denotes above the sensitivity with respect to y. An example 
for this sensitivity is the well-known linear temperature coefficient of delay: 



TCD 



Sy 



1 

T dT 



( 7 ) 



2. OPERATING PRINCIPLES OF WIRELESS SAW 
SENSOR SYSTEMS AND OF THE REQUEST UNIT 

In the following section the functional principles of wireless SAW 
transponder systems and several circuitries used for reader systems will be 
discussed. 



2.1 Operating Principle of Wireless SAW Identification or 
Sensor Systems 



Figure 8 shows the operating principle of a wireless SAW sensor system 
in detail. A radio frequency electromagnetic (RF) read-out signal is 
transmitted by a local radar transceiver (TRx). A small portion of this signal is 
picked up by the antenna of the passive SAW transponder where an IDT, 
connected to the antenna, converts the received signal into a SAW. The 
micro-acoustic wave propagates towards reflectors distributed in a 
characteristic barcode-like pattern and is partially reflected at each reflector. 
The micro-acoustic wave packets returning to the IDT are reconverted into 
electrical signals and retransmitted to the radar TRx unit by the transponder 
antenna. This response contains information about the number and geometries 
of the coding structures as well as the propagation and reflection properties of 
the SAW. Its evaluation in the radar reader unit will allow for the extraction 
of the desired information, which is, e.g. the sensor effect for a certain 
measurand or a specific ID number. 
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Figure 8. Schematic of a SAW-based radio-Link System, which uses a Reflective Delay Line. 



Due to the low velocity of SAWs, long delay times in the range of some 
microseconds can be achieved using rather small SAW chips. Therefore, at 
VHF/UHF frequencies, environmental echoes caused by electromagnetic 
multipath propagation phenomena will have already safely faded away when 
the sensor response arrives at the radar TRx. Hence, the sensor response can 
easily be separated from environmental echoes in the time-domain. This fact 
incorporates a great advantage of wireless SAW-based sensor systems 
compared to other radio link systems. Figure 9 shows a typical response 
signal of a SAW ID tag together with the request impulse and some 
environmental echoes. 




Figure 9. Request Pulse, Environmental Echoes and RF Response of a SAW ID Tag. 
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If a wirelessly SAW -based sensor technique is also used for measuring 
distances, linear and angular velocities of targets, then this time separation of 
most environmental echoes is a great advantage in comparison to 
conventional radar measurement techniques. The measurement accuracy of 
this radar values lies within 1 % of the electromagnetic free-space wavelength 
when attained by using a SAW transponder. 

Passive SAW transponders do not require any power supply. In the 
VHF/UHF frequency range, the insertion attenuation Asaw of SAW 
transponders is in the order of 20-60 dB ([10],[1 1],[12],[23],[24],[30]), 
depending on the operating frequency, the substrate material, and the number 
of reflectors. Furthermore, the achievable access rate is up to 10^/s. The latter 
fact allows for communication with fast moving objects or vehicles. 



2.2 The Request Unit 

The reader units of wireless SAW sensor system applications resemble 
those used in traditional radar systems. In Europe, three frequency bands 
suitable for SAW devices are allocated to unlicensed low power devices 
(LPDs) such as industrial, scientific, or medical (ISM) appliances: 
433. 07... 434.77 MHz, 868. ..870 MHz, and 2.4... 2.483 GHz. Regardless of 
the type of passive radio sensor used, a wireless one-port response 
measurement has to be performed with a time division between the read-out 
signal and the sensor response. As is the case with radar systems, the receiver 
(Rx) usually is located nearby the transmitter (Tx) so that coherent detection 
is feasible. The actual measurement can be performed in either time or 
frequency domain. 



2.2.1 Time Domain Sampling 

Methods like pulse or pulse compression radar are applicable for the time 
domain sampling. Figure 10 depicts the functional principle of the time 
domain sampling. A short pulse or wave packet s(t) is transmitted by the 
reader unit. Each radio request signal generates a corresponding response 
signal r(t). The resulting delay time of the response signal carries the 
information of the passive sensor. The read-out signal spans the total system 
bandwidth B at once. Therefore, to avoid ISl (intersymbol interference), a fast 
sampling has to be performed in the receiver unit with at least twice of the 
bandwidth B. Time-domain sampling is a single-scan measurement method. 
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whereby the read-out repetition can be up to 10'^ s. Hence, this method is 
especially well-suited for reading fast changing measurement values or for 
reading out of fast moving objects. 

For non-spread spectrum signals, the duration of one read-out signal Tjds 
is low compared to the read-out repetition. With a restricted peak power Po, 
the energy content Ejos (= Po/B) of one read-out signal and therefore also the 
maximum read out distance will be small. Using pulse compression methods, 
Ejds can be increased by the time-bandwidth product TB of the pulse 
compression system, thus enlarging the read-out distance. The maximum 
duration for Ttds, however, is limited to the basic delay of the SAW sensor 
(some microseconds). Using pulse compression techniques a gain of up to 12 
dB has been achieved, which doubles the read-out distance [20]. 




s(t) 



Uds« 1/(2B) 



» t 



iiilMiU. 



Figure 10. Time Domain Sampling Technique. 



2.2.2 Frequency Domain Sampling 

Frequency domain sampling can be performed using a network analyzer or 
a frequency-modulated continuous wave (FMCW) radar architecture ([30], 
[31]). Figure 11 depicts an example of a radar reader unit realized in the 
frequency domain. The total bandwidth is scanned in M steps in the frequency 
domain. The bandwidth of one step Bres can be rather low to achieve a high 
resolution. The Tx pulse can last for a relatively long time period Tpos- If Tpos 
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exceeds the basic delay of the SAW sensor, the duplexer switch at the Trx 
front-end has to be replaced by a circulator and a low noise amplifier with a 
high dynamic range. Frequency domain sampling techniques enhance the 
SNR (Eb/No) in the receiver at the expense of a lower time resolution of the 
measurement value. Magnitude and phase of a narrow-band signal have to be 
detected in the receiver, which lowers the complexity and cost of the sampling 
and signal processing unit. Similar to time-domain sampling systems, the RF 
signals can be derived from a single oscillator for a coherent detection. 

Frequency domain sampling is a multi-scan measurement technique. To 
achieve the information of M points in time-domain, M frequencies have to be 
scanned. The information on the sensor signal in the time domain is received 
by a frequency to time transformation, e.g. FFT or other more sophisticated 
algorithms [27]. The total measurement time takes more than M times the 
minimum measurement cycle of a single time-domain sampling. Frequency 
domain sampling is therefore well suited for slow, high precision and long- 
distance measurements. In order to eliminate the transmitted signal and all 
environmental echoes, also in a frequency domain sampling technique the 
first 1-2 ps of the sensor response can be suppressed in the time-domain [29]. 




f 




Figure 11. Frequency Domain Sampling Technique. 



For the majority of applications, small and low cost local radar TRx 
(reader unit) and small antennas are necessary. Dipole, patch or loop type 
antennas are usually used for the transponders. Figure 12 shows the 
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implementation of a radar unit operating in the 434 MHz band in an enclosure 
of 7 cm X 5 cm x 2.6 cm. 




Figure 12. Example of a Radar Unit Operating in the 434 MHz Band (7 cm x 5 cm x 2.6 cm). 



2.3 Request Distance 

Very important is the achievable measurement distance between the reader 
unit and the SAW-device and how fast the measurement can be done. For 
free-space propagation conditions of electromagnetic waves the well-known 
radar equation predicts that the signal level received by the reader unit 
decreases with the fourth power of the distance d from the SAW transponder: 



d = — 
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Based on the data given in Figure 12, one obtains a maximum transceiver- 
transponder distance d of only 25 to 30 cm for a single read out cycle. In RF- 
shielded metallic process chambers the distances are larger because the Tx 
power level can be enhanced and the operating frequency can be chosen 
arbitrarily. If we allow a lowering of the time resolution the sampled signal 
can be averaged over several read out cycles, n predicts the number of 
averaging’s. This technique however lowers the measurement system 
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bandwidth B but increases the readout distance d. An averaging factor n of 1 6 
doubles the request distance. Using these techniques, request distances of 5 to 
10 m in the lower and 1 to 2 m in the upper ISM band have been 
demonstrated (Figure 13). 




integration time tj [s] 
tj = n/B 



Assumed values for estimation: 


Pj: radiated power 


14 dBm 


G-I-: transmitting antenna gain 


0 dB 


Gp: receiving antenna gain 


•3 dBi/OdBi 


X: waveiength 


70 cm / 12 cm 


F: receiver noise figure 


12 dB 


S/N: signai to noise ratio for detection 


20 dB 


iL: sensor insertion ioss 


35 dB / 40 dB 


Tq: antenna noise temperature 


300 K 


B: Bandwith 




n: numbers of averaging 





Figure 13. Estimation of the Achievable Measurement Distance 
Between the Reader Unit and the SAW-device. 



2.4 Multiple Access of SAW Radio Sensors 

Because SAW transponders are passive components without any active 
logic on chip, they cannot be addressed individually. To access more than one 
transponder a frequency division multiple access (FDMA), time division 
multiple access (TDMA), code division multiple access (CDMA), space 
division multiple access (SDMA), or combinations of these must be 
implemented. For FDMA orthogonal frequency bands or sub-bands must be 
used for each individual transponder. This technique is feasible for several 
resonant transponders [21]. When implementing TDMA different time 
positions for each reflected signal has to be chosen in order to minimize ISI 
(intersymbol interference). Typically 10 TDMA chips, each with 3-4 
reflectors, can be setup. Figure 14 shows an example for TDMA. Using 
CDMA and the corresponding signal processing, again approximately 1 0 code 
orthogonal transponders can be addressed ([41], [42], [43]). For SDMA 
techniques a space separation of the transponders has to be ensured. Due to 
the field attenuation of Rx power with the near-far problem limits the 
multiple access of passive radio transponders. 





172 



Smart Sensors and MEMS 



2nd SAW 




Figure 14. TDMA Example with Three Different Transponders. 



3. SAW IDENTIFICATION TAGS 

In this section the design requirements of SAW identification tags is 
presented. For ID tags, a large amount of individual symbols are required. A 
SAW ID tag usually incorporates a coupling IDT and a coding area. There are 
two ways of designing the coding area: either reflectors are used or, 
alternatively, several coding transducers are wired together with a common 
bus-bar. 



3.1 Transducer Coded Delay Lines 



Figure 1 5 depicts an example of a bus-bar connected transducer tag. At the 
left side you can see the coupling IDT. The coding area at the right side 
consists of several transducers connected via bus-bars. 
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Figure 15. Schematic Layout of a SAW ID Tag with Several Transducers 
Wired Together to a Common Bus Bar. 



The minimum length of this common bus-bar is given by the number of 
symbols N multiplied by the minimum distance AT between two symbols, 
which is determined by the bandwidth B of the system. The wavelength Aei of 
an electric signal on LiNbOs is reduced by a factor of approximately 10 
compared to free space, due to the high dielectric constant of this material. If 
the length of the bus-bar becomes larger than 10 % of let, the quasi-static 
approximation for the electrical connection is no longer valid and electric the 
wave-guide effect on the bus-bar must be taken into account. If we demand, 
that the length of the bus-bar must remain smaller than 1 0 % of let, and, if we 
take into account, that the minimum resolution is given by the system 
bandwidth B, we get an upper limit Nmax for the number of symbols N, which 
can be lined up on LiNbOs in this technique, with 

O.U, O.l-5-lO^ 10^-5 -Vsaw 

]\r < t£_ = = SAW _ 1 q3 

max — t ^ 

^SAw/'° ^SAW ^SAW ■ /o /o 



Using a relative bandwidth B/fo of 2%, less than 20 symbols are possible 
with this technique. For a identification system incorporating only a few 
symbols, or, if a substrate with a low dielectric constant like quartz is used, a 
tag of this kind may be a promising concept. 
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3.2 Reflective Delay Lines 

Most SAW tags and passive sensors are designed using a reflective delay 
line, like the one sketched in Figure 16. The surface acoustic wave in a 
reflective delay line propagates towards reflectors distributed in a 
characteristic barcode-like pattern and is partially reflected at each reflector. 
The usage of reflectors halves the chip size compared to the non-reflective 
arrangement of Figure 15 ([17], [20], [22], [23]). Furthermore, the electrical 
impedance of the transducers remains unattached by the number of coding 
elements and the actual code. 




Transponder 
RF read- /antenna 
out signal 



A/nUKL 



RF response 




Transducer 



MJ ///, 



Reflectors 




Piezoelectric crystal 

Figure 16. Schematic Layout of a Reflective Delay Line. 



3.3 Coding Schemes 

The coding of a SAW ID tag depends on the applied modulation technique 
and is obtained by a specific coding arrangement. In the simplest case, this 
coding is done by a binary amplitude shift keying ASK (on/off). Each 
predetermined possible symbol position is set either by a transducer or 
reflector (on-bit) or not (off-bit). By using an on/off-keying with 32 reflectors, 
2^^ (more than 4 billion) different tags can be coded. ID-tags with ASK 
modulation are already in use, e.g., in German subway systems ([23], [35]). 
The system operates in the ISM band at 2.45 GHz. FigurelV shows the layout 
and a measurement of an ID tag using a reflective delay line structure and a 
ASK modulation scheme. 
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a) 




b) 



Figure 17. a) Layout of a SAW ID Tag Comprising 33 Reflectors in 4 Tracks 
b) Measurement of the SAW ID Tag with 8 "ON", 8 "OFF", 8 "ON“, 8 "OFF", and 1 "ON". 



The ASK on/off keying is outperformed by other modulation techniques 
such as phase shift keying PSK. Using a PSK modulation the phases of the 
time response are evaluated and not their amplitudes. A binary phase shift 
keying BPSK modulation obtains the same bit error rate with a 6 dB lower 
signal-to-noise ratio compared to an ASK modulation, thus enhancing the 
maximum readout distance. Higher-order PSK like quadrature PSK (QPSK) 
use fewer symbols (reflectors) and therefore need less chip size and obtain a 
lower insertion attenuation, but a higher signal-to-noise ratio is required for 
the detection. The requirements for a SAW transponder used in a phase 
modulation system, however, become more stringent, because all influences 
which change the delay time of a reflector, e.g., the SAW velocity or the 
accuracy of the fabrication process, must be controlled within a small fraction 
of one single SAW wavelength. 

A good choice for the modulation technique used in SAW transponders 
might be a pulse position modulation (Figure 18), which achieves the code- 
density of a higher phase-modulation and avoids their stringent sensitivity on 
small inaccuracies during the fabrication process [36]. In a pulse position 
modulation scheme the symbol is set at one out of several time slots. The 
accuracy in the time resolution of one target is much higher than the time 
separation of two targets in most radar systems. Therefore, the time slots can 
be arranged much denser, compared to the symbol separation in a ASK 
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modulation. If each reflector is set in one out of 2” time slots, each symbol 
codes for n bit. 



Coding positions 
Antenna for 1®* reflector 




Figure 18. Pulse Position Coding Schema [36]. 



3.4 Design of Transducers 

The uniform transducer, shown in Figure 19 a, consists of electrodes with 
a pitch of one quarter of a wavelength. Such a transducer offers the highest 
transduction for a given time length, and therefore for a given bandwith. The 
drawback of this structure is a high acoustic reflection which decreases the 
achievable signal to noise ratio. If all coding tracks are placed on the same 
side of the coupling IDT the best choice for the transducer layout would be a 
single phase unidirectional transducer (SPUDT), like sketched in Figure 19 c. 
This transducer stimulates SAWs mostly in one direction. A problem of all 
transducers occurs with the increasing size of the transducer. In this case it is 
advantageous to arrange different tracks on both sides, which can be done 
using e.g. a split finger transducer, sketched in Figure 19 b. 




Figure 19. Layout of Transducers for SAW ID Tags and Radio Requestable Sensors: 
a) Lfniform Transducer b) Split Finger Transducer c) Single Phase Unidirectional Transducer. 
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The required relative bandwidth mostly restricts the geometrical length 
and thus the number of overlaps of the coupling transducers. Thus parasitic 
effects like ohmic losses and capacities of the pads become relevant, 
especially on transducers operated at higher harmonics. In most cases the 
metallization height is kept relatively low in order to minimize bulkwave 
generation in the coding tracks. Sometimes the bonding pads need a thicker 
metallization to ensure a faultless bonding process. 



3.5 Design of Reflectors 

Typical reflectors for SAWs are shown in Figure 20. Several types as the 
?^/4-stripes open or shorted, multistrip-couplers or chevron type reflectors are 
intensively discussed in the literature. All reflector types, however, may 
produce problems in the uniformity of the tag, which is the highest tolerable 
variation between all ON symbols. Each reflector reduces the transmitting 
wave, mainly due to bulk wave conversion. Thus, the amplitude of the 
incoming wave to a certain rear symbol position is a function of the number 
of proceeding ON symbols. This could generate strong code-dependent 
fluctuations in the uniformity of amplitude coded tags unless specific 
countermeasures are taken. 




Figure 20. Layout of Typical Reflectors for SAW ID Tags and Sensors: 
a) Uniform Open, b) Uniform Short, c) Multistrip and d) Chevron-Type 



The code-dependency of the uniformity can be compensated if the 
magnitude of reflection of each reflector can be chosen individually, for 
example, by selecting the convenient reflector out of several feasible. A more 
feasible way, however, is to arrange a specific non-reflecting structure at each 
OFF position. The non-reflecting structure should show the same transmission 
loss like the corresponding ON structure of this position. Therefore no code 
dependence of the uniformity arises. For a non-reflecting structure, a shorted 
split finger transducer operating at the third harmonic can be used, for 
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example. In this structure no electrical reflection occurs, and the mechanical 
reflections of succeeding electrodes cancel out each other. The mechanical 
period, however, is large enough to allow for bulk wave conversion. 



3.6 Multiple Reflections 

If several symmetrical reflectors (as outlined in Figure 20 a, b, c), which 
results into reflections on both sides, are lined up in the same acoustic track, 
multiple reflections within the reflectors occur. The chevron type reflector is a 
non-symmetrical reflector, which prevent this multiple reflections. Triple 
reflections, like depicted in Figure 21, are more severe than 5th or even higher 
order reflections, because each individual reflection is small. In a system 
using an amplitude modulation technique the multiple reflections of the 
leading symbols can appear at the same time position where an OFF symbol 
is intended, thus debase the dynamic separation between ON and OFF 
symbols. By using other modulation techniques these multiple reflections can 
disturb the subsequent symbols and thus the bit error rate. 
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Figure 21. Example for a Triple Reflection if the Reflectors are Line up 
in the Same Acoustic Track. 



As shown in Figure 21 multiple reflections occur if all reflectors are 
arranged in one track. So the idea is to arrange the reflectors in separate 
tracks, like this one sketched in Figure 22. But if each reflector is arranged in 
an individual track the problem of a high track-loss arises. Furthermore, either 
the aperture of the coupling transducer will become too large to stimulate a 
homogeneous SAW, or the aperture of each individual reflector will get very 
small. For systems with a low number of symbols, which is the case with 
SAW radio requestable sensors, a tag of this kind is a promising concept, 
since with this arrangement all multiple reflections are delayed beyond the 
time of interest and, furthermore, are very weak. 
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Figure 22. Example of an ID Tag Where Every Reflector is Arranged 
in a Separate Acoustic Track. 



It was investigated how many reflectors in a track will lead to the best 
results. After a calculation of multiple reflections, one gets an equation on the 
maximum reflection for each reflector and thus an equation of the overall 
insertion loss of the tag. The results of these computations for a symmetrical 
reflector and a chevron type reflector are depicted in Figure 23. The design 
parameters are listed to the right of Figure 23. 




Design parameters: 

• Amplitude weighting (ON/OFF) 

• 33 bits 

• dynamic (IL(ON)/IL(OFF)>20dB) 

• propagation loss between two 
contiguous reflectors 0.38dB 

• loss due to passing twice a 
reflector 0.75dB 



Figure 23. Evaluated Minimum Insertion Loss of an SAW ID Tag in 
Dependency of the Number of Reflectors in the Same Acoustical Track. 



The solid line represents the computation for symmetric reflectors and the 
dashed line for non-symmetric ones (chevron type). For symmetric reflectors 
there are two optimum designs, one which consists of 4 tracks with 8 
reflectors lined up in each track, and one design with each reflector in a 
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separate track. For a design with 2-4 reflectors lined up in each track an 
arrangement with chevron-type reflectors is best. More of those reflector 
types, however, cause higher insertion attenuation than other reflector types. 
A good choice for reflectors might be a full reflector together with 3-4 
preceding chevron-type reflectors at the end of a track, and for the previous 
reflectors the use of symmetrical ones. 



4. SAW RADIO REQUESTABLE SENSORS 

In this section several approaches for the implementation of radio 
requestable sensors arel be presented. 



4.1 Delay Lines 

Most wireless SAW sensors are build up in a reflective delay line 
technique like the ID tags described in section 0. For tagging, a large quantity 
of reflectors is necessary, usually 32 or more. Using a delay line technique for 
sensing purposes, only three or four symbols are required for sensing purpose. 
Figure 24 shows a photo of a SAW radio sensor for temperature 
measurement, realized in a reflective delay line technique and sealed in a 
SMD package. On the left side the IDT can be seen and to the right there are 4 
reflectors distributed on the chip. 
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Figure 24. Photo of a SAW Radio Sensor for Temperature Realized 
in a Reflective Delay Line Technique. 
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The RF response of a delay line depends on the arrangement of the 
reflectors or coding transducers. Figure 25 shows the corresponding impulse 
response of the temperature sensor, both in a cartesian graph and in a polar 
graph. Each pulse corresponds to one of the reflectors. Due to multiple 
reflections at the chip edge some spurious signals follow the four useful 
pulses (Figure 25 a). The different phases between the pulses are pointed out 
in the polar graph of the impulse response (Figure 25 b). 




Figure 25. Impulse Response of a Delay Line Temperature Sensor a) Representation of the 
Amplitude in Cartesian Graph b) Representation of the Baseband in Polar Graph. 



The sensor effect described by equation (4) causes the group delay time 
difference between two time response pulses #1 and #2 (t 2 -i = T 2 - Ti) to vary 
as: 









( 10 ) 



In most sensing applications using a delay line, a differential arrangement is 
implemented and the change At 2 -j is evaluated. If, as usual, the frequency 
band used by the request signal is a subset of the operating frequency band of 
the sensor element, neither the center frequency nor the bandwidth of the 
sensor response is influenced by the sensor effect. Hence, all sensor responses 
can be demodulated by one fixed frequency, so that the time response pulses 
exhibit a constant phase. Consequently, the resolution is increased 
significantly because the phase differences Ag) 2 -i can be determined accurately 
in the time domain: 
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A<^2-i = 2^0 ^^2-1 =: S'^y^y 



( 11 ) 



Here, the term 27rfoX corresponds to the number of wave lengths stored in the 
relevant propagation path. With equation (10), the effective sensitivity of the 
reflective delay line becomes: 



5;=2<[x2(yo)s;2-T,(yo)s;, 



( 12 ) 



It should be noted that, according to equation (12) either the sensitivities or 
the delay times in the differential arrangement have to differ. This is achieved 
by a suitable selection of material and geometry. 



4.2 Resonators 

In a reflective delay line the acoustical path is used twice. But it is possible 
to achieve an acoustical path which is more frequently used. This aim can be 
achieved by placing the IDT between two reflective structures, forming a so 
called resonator ([21], [32]). Figure 26 shows the schematic layout of a SAW 
sensor using two 1-port resonators. 
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Figure 26. Schematic Layout of a SAW Radio Sensor Consisting of Two 1-port SAW 

Resonators. 
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A read out signal excites the resonators and the received energy is stored 
in the cavities of the resonators. After that, the resonator fades out and 
releases the stored energy in small portions on a time scale given by the decay 
time. The number of stored wave-lengths is given by the loaded quality factor 
Q, which also gives the decay time of the resonator (Figure 27 a). To 
eliminate the request signal and environmental echoes, the first 1 or 2 ps of 
the sensor response can be gated in the time domain. After a subsequent 
Fourier transform or another suitable algorithm, the frequency domain peaks 
are evaluated to retrieve the sensor information (Figure 27 b). 




Figure 27. Measured Characteristics of a SAW Sensor Comprising Two 1-port Resonators: 
a) Time Response b) Frequency Response. 



4.3 Dispersive Delay Lines 

The sensitivity of the delay time of a SAW delay line transponder can be 
enhanced by a factor 1 0 to 20 by using dispersive, so called chirped reflectors 
([22], [23], [37], [38]). Dispersive means frequency modulated. Figure 28 
shows the schematic layout of a reflective delay line with two dispersive 
reflectors. One reflector has implemented an up-chirp FM law, and the other a 
down-chirp FM law. 
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Figure 28. Schematic Layout of a Reflective Dispersive SAW Delay Line. 



In a dispersive device, the group delay time r of a transmitted signal depends 
on the frequency f. For a linear dispersion with bandwidth B, dispersion time 
T and centre frequency f, the group delay time r can be calculated for all 
frequencies within the pass-band with: 



K/) = ^o 



(13) 



The “+” sign represents an up-chirp and the represents a down-chirp law. 
A variation /Ivsjm' of the SAW velocity Vsapf affects both the time Xo as well as 
the synchronous frequency yj resulting in a change of the group delay time x. 
Therefore, we get an overall shift and a small tilt of the chirp function f(t). 
This feature is similar to the impact of a Doppler shift to a FMCW radar 
system. Neglecting the small tilt, we obtain in first order: 



Ar 



T 



0 



B 



V 



(14) 



The expression in the brackets of equation (13) can be interpreted as an 
amplification factor for the sensitivity of the group delay, due to the usage of 
chirped devices. Figure 29 illustrates this amplification effect for the 
sensitivity of the delay time by using dispersive delay lines. The horizontal 
arrow gives the shift of the delay time to the area of the synchronous 
frequency and the vertical arrow the shift in the synchronous frequency by a 
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variation of the SAW velocity. The delay time to the new area with the correct 
synchronous frequency results due to both effects and the chirp rate. 




Figure 29. Illustration of the Amplification Effect for the Sensitivity of the Delay Time 
by Using Dispersive Delay Lines. 



The sensitivity can be increased by a factor of 10 to 100. Even a change in 
the sign of the sensitivity is possible. Figure 30 shows a measurement of this 
effect. This amplification, however, is only effective to the group delay time. 
In the phase delay, we get the same dependence, as we would get by using a 
non-chirped device. 




Figure 30. Measurement of the Amplification Effect for the Sensitivity of the Delay Time 
by Using Dispersive Delay Lines. 
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4.4 Combination with External Sensors 

Also non-SAW sensors, or switches with varying impedance, can be 
addressed wirelessly when combined with a SAW transponder [11], Hereby 
an external sensor is used as an electrical load of an IDT (Figure 31). The 
sensor quantity modulates the load impedance, what in turn changes the 
reflection behaviour of the IDT and thus the re-transmitted signal of the 
transponder ([11], [23], [39], [40]). 
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Figure 31. Schematic Layout of a Passive SAW Device Combined 
with an External Sensor. 



The reflectivity of an interdigital transducer as a function of a complex 
termination impedance at its electrical port by given in the well known 

P-Matrix formalism [66] with Pn: 



^n(^w) = ^n +■ 



p2 

^ 13 



P33 + 



load 



(15) 



Figure 32 shows the acoustic reflectivity of a split-finger (Z/8) IDT as a 
function of its electrical load. To enhance the sensor effect a substrate with a 
high coupling coefficient should be used. 
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Figure 32. Measured Amplitude and Phase of the Acoustic Reflection Factor PI 1 (Polar Chart 
Representation) of a Split-Finger IDT with Capacitive and Inductive Load Impedance Zio^d- 



5. APPLICATION EXAMPLES 

In this section some application examples of wireless passive SAW sensor 
systems and their state-of-the-art performance are presented. The wireless 
measurement of temperature, pressure, torque, acceleration, tire-road friction, 
magnetic field, and water content of soil will be discussed in further detail. 



5.1 Identification Marks 

Up to now, several SAW identification systems have been installed, e.g. in 
the car manufacturing industry [36]. 

Figure 33 shows an application of SAW ID tags in the Munich subway net 
operating in the 2.45 GHz band [35]. The SAW identification tags were 
mounted to the side of the railway vehicles. The interrogators were placed at 
selected points along the net, near the rails, and linked to a central computer. 
Identification under live railroad conditions proved to be a critical prerequisite 
for the system, given the broadband high energy interference level caused by 
motors and electronic alternators of the railway vehicles. The total 
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interference immunity, even under extremely adverse conditions, was 
convincingly demonstrated by the SAW identification system. 




Figure 33. SAW ID Tag Mounted on the Side of a Railway Vehicle. 



5.1 Temperature Sensors 

Lithiumniobate, LiNbOs, is an ideal material for temperature sensors, 
because of its large TCD of approx. -94 ppm/°C and its high electro-acoustic 
coupling factor ([17], [20], [23]). 

SAW radio sensors for temperature have been used to monitor the 
temperature of break discs of a train, when slowing down entering a station 
[44], and to monitor the temperature of high-voltage surge arresters [30]. 
Figure 34 a shows the set up for monitoring the rotor temperature of an 1 1 
kW asynchronous motor [30]. The temperature sensor was mounted on the 
short-circuiting ring of the rotor and read out with a loop antenna, which was 
mounted on the bearing plate. The motor was loaded with an eddy-current 
brake. Figure 34 b gives the measured rotor temperature. During start-up and 
operation under load conditions the motor heats up, as expected. When the 
motor stops working the temperature shows an exponential decay. Crosses 
mark discrete measured temperature values achieved with a reference 
thermometer. The slight difference between the measured values is explained 
due to the thermal contacts of the reference thermometer and the SAW device 
are not identical. 
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temperature transponder 




a) 



b) 



Figure 34. a) Experimental set up for Monitoring the Rotor Temperature in an 1 1 kW 
Asynchronous Motor, b) Measured Rotor Temperature; the Crosses Show Reference 
Measurements Derived with a Conventional PTIOO Sensor. 



Up to 200 °C, standard assembly, interconnect and packaging techniques 
can be applied, whereas higher temperatures ask for new solutions ([16], 
[45]). The same problem arises for the conventional SAW materials as 
aluminum electrodes or LiNbOs and quartz substrates. For temperatures 
greater than 400° C the aluminum electrodes and the IDT will be damaged. 

The maximum temperature for SAW sensors, however, can be as high as 
1000°C when using special substrate materials like Langasite or Gallium 
Orthophosphate, special electrode materials like platinum-titanium and 
platinum bonding wires. Figure 35 shows the photo of a mounted test device. 
It consists of two delay lines with different delay times, used as a test device 
for measuring the acoustic loss of the free surface of Langasite. The test chip 
operated up to a temperature of 1000°C and showed a surprisingly low 
increase in the insertion loss, as the temperature increased from 25°C to 
1000°C (Figure 36). Between room temperature and 955°C only a very 
moderate increase is noticeable; however, at temperatures higher than 955°C, 
the insertion loss increases dramatically. A detailed analysis showed that the 
SMD housing used was destroyed at these high temperatures. 
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5.2 Sensors for Mechanical Quantities Like Torque, Pressure, 
Acceleration, Tire Friction 

If SAW devices are exposed to mechanical forces like stretch, pressure or 
acceleration, the characteristics of the saw device are affected. Due to the 
bending of the substrate both the surface lengths as well as the stress 
condition will change. The first example for the measurement of mechanical 
quantities is the monitoring of torque with SAW transponders. Using such 
passive SAW torque transponders slip rings can be omitted ([16], [30], [52], 
[53], [54]). The SAW sensors measure, like resistive strain gauges, the torque 
indirectly by detecting the strain or stress distribution generated by a torque 
acting on the shaft. The fact, that the strain shows an opposite sign of + 45° 
directions relative to the shaft axis, can be used for temperature compensation. 
Figure 37 shows a shaft with two mounted SAW torque sensors [54]. Quartz 
and LiNbOs as substrate materials have been investigated. 




Figure 37. SAW Torque Sensors Mounted on a Shaft. (Photo: Sensor Technology, GB, [54]). 



Wireless SAW pressure sensors are fabricated using a quartz diaphragm 
that bends under hydrostatic pressure. A reflective delay line is achieved by 
structuring one surface of the quartz diaphragm (Figure 38 a, [46], [48]). An 
“all-quartz package", consisting of the delay line chip itself and a lid of the 
same material, is expected to produce minimal thermal stresses and therefore 
reduces the cross-sensitivity to temperature [46]. One obtains a pressure 
resolution of about 1 % of the full range. Figure 38 b shows the pressure 
measurement of a sensor in a car tire ([44], [49]). 
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Figure 38. a) Schematic drawing of a SAW pressure sensor; 
b) Pressure measurement of a sensor in a car tire ([44], [49]). 



With a SAW transponder it is also possible to monitor the friction 
coefficient between a car tire and the road, a key parameter when stabilizing a 
vehicle in critical situations [24]. The friction coefficient can be measured by 
evaluating the mechanical strain in the tire surface in contact with the road, by 
utilizing the deformation of the tread elements. Figure 39 shows the expected 
deformation of a tread element during the road contact. 



Deformation 




Figure 39. Deformation of a Tread Element During Road Contact 
a) Entering; b) Contact Area; c) Running Out. 



Siemens in cooperation with the Continental AG and the TU Darmstadt 
(FZD) have studied the possibility to apply SAW sensors for the measurement 
of the friction coefficient. A schematic drawing of an experimental 
encapsulation of a SAW bending beam that can be implemented into a tire 
tread element is depicted in Figure 40 a. Figure 40 b shows the variation in 
the phase difference of such a SAW friction sensor during the tire-road 
contact in time. The narrow line A gives the measurement on a dry road and 
the broad line .6 on a wet one, respectively. Both curves were recorded with a 
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velocity v of 40 km/h. The tread is flattened in the contact region due to the 
load of the vehicle. In the first part of the contact area the tread elements 
transfer a propulsion to the road and in the second part a breaking. During the 
contact a small slippage of the tread element occurs. If the tire/road contact is 
lowered, this slippage increases and the gradient of the strain curve is 
lowered. 




Figure 40. a) Mounting of a SAW Sensor for Tire Friction Control, which 
Can be Implemented into a Tire Tread Element, b) Variation in Phase Difference 
of a SAW Friction Sensor During the Tire-Road Contact Time. A (arrow line): Dry Road, 
B (broad line): Wet Road; Both Curves Were Recorded at v = 40 km/h. 



With an additional seismic mass, a SAW radio readable accelerometer can 
be realized ([49], [50]). Figure 41 a shows an accelerometer configuration, 
using a flexured SAW cantilever beam. This sensor was wired to an antenna 
and fixed to a dart (Figure 41 b). With this wireless accelerometer system the 
deceleration of the dart invading the target is shown in Figure 42. 




Figure 41. a) SAW Accelerometer Configuration using a Seismic Mass and 
a Flexured Cantilever Beam b) Deceleration of the Dart Invading a Target. 
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Figure 42. Measured Deceleration of a Dart. 



5.4 Impedance Varying Sensors Like Current and Water 
Content Sensors 

In these section examples of radio sensor configurations are presented, 
where the SAW device is used only as a transponder. The actual measurement 
is performed by an external (classical) sensor element, which modulates the 
reflection properties of the SAW transponder according to the actual 
measurement value. Currents produce magnetic fields, which can be detected 
by SAW devices, coated with a magneto-strictive layer [55]. Another 
possibility is an impedance-type sensor as shown in section 0 with magneto- 
resistors or giant magnetic impedance (GMl) elements acting as variable load 
Zl ([23], [56]). Figure 43 shows the schematic drawing of such a current 
sensor: two magneto resistors exposed to two biasing magnetic fields of 
opposite polarity, each loading an IDT-reflector. 
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Figure 43. Schematic Drawing of a SAW Magnetic Field Sensor. 
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The sensor information is calculated from the ratio of the two reflected 
pulses (Figure 44a) The current resolution of this radio measurement is 
approximately 5 % of the full scale. Figure 44 b gives some measurement 
values as a function of the current. 




Figure 44. Sensor Characteristics of the Wireless SAW Current Sensor Outlined in Figure 43 
a) Impulse Response b) Measured Difference Between the Amplitudes. 



By connecting an impedance-type SAW transponder to a parallel-wire 
electrical transmission line with two rods, a passive radio readable water 
content sensor can be designed [57]. Fig ure 45 shows the complete water 
content sensor element. There are two rods at the bottom, matching elements, 
and the SAW device. On the top an antenna and an additional inductive 
element L2 are mounted, to prevent static discharge of the SAW device. 
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Figure 45. Schematic Drawing of a Water-content Sensor. 
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The rods are stuck into sandy soil. The permittivity e of sandy soil is 
strongly dependent on the water content due to the high dielectric constant of 
free water {Figure 46). 
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Figure 46. Change of the Permittivity s of Sandy Soil with Increasing Water Content. 



Figure A1 shows the variation of the electrical reflection coefficient at the 
center frequency of the sensing electrodes, including the matching circuitry, 
when are put into a sandy soil, with respect to a change of the water content of 
the soil. The dashed line shows the simulated behaviour and the triangles 
represent measured points. Essentially, the sensing electrodes can be 
simulated by an open ended transmission line. The effective electrical length 
of the line varies with the water content of the soil due to the change in 
permittivity. Additionally, the losses increase as the water content increases. 
The matching circuit was in such a way chosen, that the variation of the 
impedance of the sensor range from minimal acoustic reflection up to the 
point of maximum reflection of the split finger IDT. The theoretical dynamics 
of the reflection with this load impedance range from -5 dB to -30 dB, which 
results in a dynamic range of 25dB. 

A read-out distance of about 2 m can be achieved with this water content 
sensor used in dry and in moist soil. Figure 48 shows the impulse response of 
the water content sensor for dry and moist soil. There are three designed 
signals at 3, 4, and 5 ps. At 2 ps, there is an additional echo. This is due to the 
fact that the rods build up an antenna, too. The signal is generated by an 
acoustic wave traveling only one way between the reflector #2 and the input 
transducer. The sensor signal is evaluated using the amplitude difference of 
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the signals at 3 and 4 gs. The signal at 5 gs is weakened significantly, if the 
reflector #2 is operating with maximum acoustic reflection. 




Figure 47. Electrical Reflection Coefficient of the Sensor Electrodes Versus the Water Content. 



6. CONCLUSION 

Due to their high quality factors, surface acoustic wave devices offer the 
possibility of passive sensors connected to a read-out unit solely by a radio- 
frequency link. Based on standard radar systems operating in the VHF/UHF 
range various wireless SAW sensor systems have been tested successfully. In 
particular, solutions for the non-contact measurements of temperature, 
mechanical quantities like pressure, torque, acceleration, or tire-road friction, 
and impedance sensors for current or water content have been developed. 
These systems also work in harsh environments and at high temperatures. 
With appropriate compensation of cross-sensitivities, typical performances of 
wireless SAW sensor systems are characterized by read-out distances of 
3-10 m. Table 2 summarizes typical resolutions, achievable with wireless 
SAW sensors. 
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Figure 48. Impulse Response of the Water Content Sensor. 



Table 2. Typical Resolution of Wireless SAW Sensors. 





Measurand 


Physical effect 


Resolution 


• 


identitification 


analysis of signal 


32 Bit 


• 


temperature 


variation of SAW velocity 


0.1 K 


• 


mechanical 
measurand (pressure, 
torque, acceleration, 
tire-road friction) 


variation of elastic constants 


1% of full 
scale 


• 


impedance sensors 


variation of amplitude and 
phase of reflected signal 


5% of foil 
scale 


• 


distance 


signal delay 


20 cm 


• 


relative position 


continuous measurement of 
Doppler phase 


2 cm 


• 


angular positioning 


measurement of Doppler phase 


3 degree 
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Abstract: Precise magnetic sensors are required in many fields: besides the tradi- 
tional geophysical magnetometers they serve for navigation, position 
tracking, military and security. First a short review of basic practical 
rules and sensor parameters is given. Next the most important semi- 
conductor magnetic sensors (Hall sensors and semiconductor magne- 
toresistors) are discussed. Following sections describe the most impor- 
tant precise magnetic sensors: ferromagnetic magnetoresistors (AMR, 
GMR and SDT) and fiuxgate sensors. Other types of magnetic sensors 
(SQUIDS, Magnetooptic sensors, GMI and Magneto strictive sensors) 
are described briefly. Section 6 is devoted to current sensors based on 
magnetic principles: Instrument current transformers, Rogowski coil 
(di/dt sensor), Fiuxgate DC current sensors. Hall current sensors, and 
Magnetoresistive current sensor. Other applications of magnetic sen- 
sors are reviewed in Section 7. They include position sensors. Com- 
pass, Security and military applications. Geophysics and Space re- 
search, Biomagnetism and medical applications, and Non-destructive 
testing. Final section compares the described sensor types. Fluxgates 
are the most precise vectorial sensors, followed by AMRs, which be- 
come great competitors of Hall sensors. Until now, GMR and SDT 
sensors are rather nonlinear. GMI sensors are recently commercially 
available, but their present accuracy is not competitive. Common prob- 
lem of magnetic sensors containing ferromagnetic material is perming 
(remanence). This was solved only with fluxgates and flipped AMRs. 

Keywords: vectorial magnetic sensors, magnetoresistors, fiuxgate sensors. Hall 
sensors, magnetooptic sensors 



1. INTRODUCTION 

Precise magnetic sensors are required in many fields: besides the tradi- 
tional geophysical magnetometers they serve for navigation, position track- 
ing, military and security [1]. The most popular precise vectorial magnetic 
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sensors are fluxgates [2]; improved AMR magnetoresistors beeame reeently 
a reasonable alternative for less demanding portable deviees [3], 

Magnetie field sensors are mainly based on semieonduetor materials 
(Hall sensors and semieonduetor magnetoresistors) and ferromagnetie mate- 
rials (ferromagnetie magnetoresistors and fluxgates). Other magnetie sensors 
utilize optieal, resonant and supereondueting properties. 

Almost all magnetie sensors measure both DC and AC fields - the only 
exeeption are induetion eoils, whieh have no DC response. 

This ehapter summarizes and updates general information on magnetie 
sensors given in [1]. 



1.1 Basic Rules 

Table 1 gives an overview of the range of magnetie fields to be measured. 
Obviously no sensor ean eover the whole range. In this study we eoneentrate 
on sensors suitable to measure fields between 1 nT and 1 mT 

Table 1. Typical Magnitudes of Magnetic Field B (1 T = 10 000 Oe). 



100 T 


Pulse field 


lOT 


Supereondueting magnet 


2T 


Eleetromagnet 


0.5 T 


Surfaee of strong perm, magnet (NdFeB) 


0.1 T 


Surfaee of eheap magnet (ferrite) 


10 mT 


Power eable 


50 pT 


Earth’s field in eentral Europe - total value 

(20 pT horizontal eomponent, 40 pT vertieal eomponent) 


1 pT 


Vehiele in 2 m distanee 


35 nT 


field resolution of 0.1 deg. eompass sensor 


20 nT 


155 mm projeetile 1.5 m deep 


1 nT 


Bomb 6 m deep 


lOfT 


Human brain 



Magnetie field of objeets rapidly deereases with distanee. In ideal ease 
the dependenee follows one of the basie rules: 

Dipole field (from small objeets) B ~ 1/r^ 

Long iron objeets (iron pipe) B ~ 1/r^ 

Long straight eurrent eonduetor B ~ 1/r 

Figure 1 illustrates the ease of long straight eurrent eonduetor with very 
distant baek eonduetor. 
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Current 



Figure 1. Magnetic Field of a Long Straight Conductor. 



1.2 Vectorial Versus Scalar 

Scalar sensors 

Resonant sensors measure usually only the magnitude of B (“total field 



Vectorial sensors 

Most magnetic sensors measure the projection of B into the sensor sensi- 
tive axis. They can be single-axis, but very often they are mounted perpen- 
dicularly to form tri-axial sensor head. 

The rms value of the total field B should often be calculated from the 
reading of vectorial sensors. The correct way is to calculate rms value from 
instantaneous values of the total field B(t). To do it properly, all three chan- 
nels should be sampled synchronously. Some instruments do it in a wrong 
way, calculating it from rm s values of individual sensors. This formula as- 
sumes that the field does not change direction, which is often not the case. 



1.3 Parameters 

Table 2 shows the important parameters of magnetic sensors. Perming is 
the change of the sensor offset after magnetic shock. Perming is serious 
problem especially for sensors containing ferromagnetic components, which 
cannot be demagnetized. This is often the case of sensors utilizing field con- 



B”). 




( 1 ) 
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centrators or shieldings. Crossfield error is due to non-linear response to 
fields out of the sensing direetion. When not suppressed or eompensated, this 
error ean degrade the performanee of fiuxgate and AMR sensors [4]. 



Table 2. Basic Specifications of Magnetic Sensors. 



• FS range, linearity, hysteresis 

• TC (temperature eoeffieient, “tempeo”) of sensitivity 

• Offset, offset tempeo and long-term stability 

• Perming 

• Crossfield sensitivity 

• Noise: PSD (power speetrum density), rms or p-p value 

• Resistanee against environment: temperature, humidity, vibrations 



2. SEMICONDUCTOR MAGNETIC SENSORS 

Measured by the produetion volume, by far the most important magnetie 
sensors are Hall deviees [5], New types of struetured semieonduetor magne- 
toresistors were developed for industrial applieations. All other semieondue- 
tor magnetie sensors are exotie deviees sueh as magnetotransistors, magne- 
todiodes, rotating eurrent domain sensors and split-eurrent sensors. 



2.1 Hall Sensors 

The basie equation for Hall deviees is 

V^=^IB, (3) 



where Vh is the Hall voltage; 

I - measuring eurrent; 

Rh - all resistanee (material and geometrieal eonstant); 

B - measured field; 
t - film thic kn ess. 

Hall resistance Rh is inversely proportional to the free-carrier density: 
this explains why Hall effect in metals is much smaller than in semiconduc- 
tors. Typical current-related sensitivity is Si= Rh /t = 100 V/AT. 
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For low-power applications, Hall sensors are often supplied by voltage. 
In this case the voltage-related sensitivity Sv depends on carrier mobility. 
With high-mobility materials such as InSb, devices with voltage sensitivity 
of 5V/VT were developed. 

Silicon Hall sensors are less sensitive, but using C-MOS process cheap 
integrated devices can easily be made. Integrated Hall sensors may have 
only 3 terminals: supply voltage, ground and output. Analog on-chip elec- 
tronics includes excitation circuits, spinning-current switching for offset 
reduction, differential amplification and demodulation of the output voltage. 
Smart Hall sensors include digital circuits for calibration, temperature cor- 
rections and other functions. Some programmable Hall devices such as Mi- 
cronas HAL 800 work normally in analog mode, but they can be switched to 
digital mode and reprogrammed for a specific magnetic circuit (including 
temperature compensation of permanent magnet and soft iron parts). 

Vertical Hall sensor 

Unlike traditional Hall sensors, vertical Hall sensor measures field B 
which is parallel to the substrate. This allows to make three-axis sensor on 
one chip by integrating one vertical and two perpendicular horizontal sen- 
sors. 

The expected advantages of this device are long-term stability and ro- 
bustness, as the active zone is buried under the chip surface. But due to tech- 
nological problems these devices have not found many applications. 

Permalloy Flux concentrators 

are used for Hall sensors and also for magnetoresistors. They increase the 
sensitivity (typically by the factor of 10 to 50), but bring other problems: 

• TC of sensitivity; 

• Perming; 

• Loss of linearity. 



2.2 Semiconductor Magnetoresistors 

Lorentz force deflects the electrons from their direct path causing in- 
crease of the resistance. The main disadvantages of semiconductor magne- 
toresistors are: 

• low sensitivity for small fields; 

• temperature dependence; 

• independence of the field sign. 

Popular InSb magnetoresistors were produced by Siemens, but their pro- 
duction was discontinued. Murata produces new type of InSb AMR sensor 
chip which, consists of multiple sensors connected serially [6]. 
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Figure 2. Characteristics of Murata InSb Magnetoresistor (from [6]). 



These sensors are used for rotary sensors and proximity switehes and po- 
sition deteetors. Another applieation is reeognition of marks made by high 
eoereivity material (e.g. on the banknotes). For this purpose InSb magnetore- 
sistive elements are eombined with a permanent magnet. 

The temperature eoeffieient of these magnetoresistors is approx. 
-0.4%/°C. They ean be eompetitive in temperature stability and noise resis- 
tanee when used as rotational sensors in automotive industry [7]. 

3. FERROMAGNETIC MAGNETORESISTORS 
3.1 AMR 

AMR sensors are based on Anisotropie magnetoresistanee effeet: the re- 
sistivity of ferromagnetie alloys measured in a direetion parallel to the mag- 
netisation of e.g. Permalloy fdm is slightly higher than the resistivity meas- 
ured perpendieular to the magnetization [8]. 

AMR sensors are based on Permalloy thin fdm strip deposited on a sili- 
eon wafer (Figure 3). Without external field the strip is magnetized in x di- 
reetion, in whieh the measurement eurrent flows. External measured field Hy 
rotates magnetisation M and R ehanges by 2-3%. 
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R = Ro + ARcos^0 




Figure 3. Magnetoresistive Effect in Permalloy: Hy is the Measured Field. 



The Anisotropic Magnetoresistors (AMR) are, in general, suitable for 
measurement of magnetic fields up to 10 mT. The AMR sensors have high 
sensitivity, wide operating temperature range, offsets which are more stable 
than those of the Hall sensors and a wide operating frequency range ap- 
proaching 10 MHz. Another advantage is their low sensitivity to mechanical 
stress (no piezo-effect, which is a problem for semiconductor devices). The 
high sensitivity of AMR sensors has led to their application in vehicle detec- 
tion, contactless measurement of electrical currents, measurements of posi- 
tion and rotational speed in machinery, and in low-end electronic compasses. 
At present, AMRs have increasing importance in the automotive industry 
with applications such as pedal-position measurement, wheel-speed sensors 
for ABS and engine management systems where they are used to measure 
position and crankshaft angle for electronic ignition timing. 

Characteristics of AMR strip is unipolar (Figure 4 a). Shifting the work- 
ing point to the linear part by bias field is possible, but usually not very prac- 
tical: temperature stability of the bias field amplitude limits the performance 
of the whole device. Much better is to use Barber Poles, which deflect the 
current by 45° and make the characteristic linear and sensitive to field sign - 
Figure 4 b. Barber poles are formed by strips of high-resistive aluminum 
deposited on top of less-resistive Permalloy (Figure 5). 
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Ho 

Figure 4. Resistance of AMR Element a) Without Linearization; b)With Barber Poles. 




Magnetization (flip direction) 



Figure 5. AMR Sensor with Barber Poles. 



AMR sensors are usually used in a Wheatstone bridge with opposite sen- 
sors having Barber Pole orientations of ± 45° (Figure 6). This arrangement 
reduees the temperature drift and gives bipolar eharaeteristies. This type of 
AMR sensor is manufaetured by Philips, Honeywell, Sensiteeh and others. 
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i flipping field, 

generated by set/reset coil 




field, generated by 
compensation coil 

◄ 



Figure 6. AMR Wheatstone Bridge. 



AMR: flipping and feedback compensation 

Unwanted change of strip permanent magnetization (e.g. due to exposi- 
tion to high field) may distort the sensor characteristic. The proper 
characteristics can be reset by short field “flip” or “reset” pulse. 

Typical values of the magnetic fields which are applied in the x direction 
to cause this magnetization flip are of the order of 300 A/m with 10 ps dura- 
tion. Such field can be easily achieved by discharging capacitor into the coil. 
Popular technique is periodical flipping by alfemating polarities and process- 
ing of the sensor output by synchronous detector. Figure 7 shows that sensor 
characteristics is reversed after flipping pulse of reversed polarify. The flip- 
ping frequency is fypically abouf 200 Hz fo give a bandwidth of about 20 
Hz. For some applications much lower flipping rate is used to lower the 
power consumption. Flipping technique reduces the sensor offset, reduces 
perming and doubles the sensitivity. Flipping also reduces the crossfield 
error. Sensor parameters depend on the amplitude and shape of the flipping 
pulse. 

Feedback compensation increases fhe sensor linearify and improves 
sensitivity tempco, but it cannot improve the offset stability. 

Some modem magnetoresistors such as the Honeywell HMR 1000 and 
the Philips KMZ 41 have both flipping and feedback coils incorporated into 
the chip. 
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Figure 7. Characteristics of Philips KMZ 10 After Positive [+] and Negative [-] Flip 
P.F. is Characteristics for Periodical Flipping [9], 



Figure 8 shows the total error of the preeise AMR magnetometer working 
within the Earth’s field range (±50 pT). The testing field swept several 
times aeross the full-seale range deviations from linear response were plot- 
ted. The maximum error was ± 50 nT when proper flipping and feedbaek 
teehniques are used. 




Figure 8. Flipped + Compensated AMR - Overall Accuracy (from [3]). 



Figure 9 shows the noise speetrum of AMR sensor. The time-domain 
noise level is aprox. 15 nT p-p. 
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Figure 9. Noise Power Density of Flipped Philips KMZ 51 Sensor. 
The Peak-to-peak Noise is About IS nT. (from [3]). 



AMRs are more preeise than Hall sensors. Their aeeuraey is already suf- 
fieient for some less-demanding applieations as vehiele deteetion, eurrent 
sensing, position traeking and low-aeeuraey eompass. AMR sensors thus fdl 
the niehe between Hall sensors and fluxgates. Preeise AMR magnetometer 
whieh uses flipping and feedbaek may have similar eomplexity and power 
eonsumption as fluxgate magnetometer. Using the same sensor size, also the 
performanee will be similar. AMR sensor ean even be used in fluxgate mode 
[ 10 ] 



Table 3. Advantages of AMR Sensors Compared to Hall Sensors. 



high sensitivity 

for position sensors: magnet may be eheaper or smaller or airgap higher 
for magnetie field sensors: higher aeeuraey 
no piezo effeet 

higher operational temperatures 



3.2 GMR, SDT and Others 

These novel deviees were developed for reading heads, but they ean also 
serve as linear sensors. Up to now their aeeuraey is lower than that of AMR 
sensors, but they ean find more sensing applieations in the future. 

GMR magnetoresistors are based on spin - dependent seattering: resis- 
tanee of two thin ferromagnetie layers separated by a thin nonmagnetie eon- 
dueting layer ean be altered by ehanging the orientation of moments of the 
ferromagnetie layers from parallel to antiparallel as shown in Figure 10. 
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In a basic magnetic sandwich the antiparallel state is energetically pre- 
ferred in zero external field. Basic GMR sandwich has large hysteresis and 
non-linearity and its characteristics is unipolar (it cannot recognize field 
polarity like semiconductor magnetoresistors). All this can be improved by 
biasing techniques 



=0 



magnetic 1 
non magnetic 
magnetic 2 





a) parallel moments - High R b) parallel moments - Low R 



Figure 10. Basic GMR Sandwich (Bg is the Measured Field ) - after [11]. 



Spin valves 

Most of the GMR sensors on the market are spin valves. Spin valves have 
one of the magnetic layers blocked by another “hard” layer (which is usually 
artificial antiferromagnet). This gives them characteristics shown in 
Figure 11. The small hysteresis curve belongs to the rotation of the free (un- 
pinned) layer, while the high-field loop is the characteristics of the hard 
layer. 




Figure 11. Characteristics of the Spin valve GMR - from [1]. 
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One of the big potential applieations of the spin valves is rotational sen- 
sor. If the external field (eaused e.g. by rotating permanent magnet) is high 
enough to saturate the soft unpinned layer, the unpinned layer rotates with 
the external field and the sensor responds only to the field direetion, not to 
its size [12]. Angular eharaeteristies of a (saturated) single spin valve sensor 
is shown in Figure 12. 




angle (°) 



Figure 12. Angular Characteristics of the Spin Valve GMR (for Fligh Field) - from [1], 



Also GMR sensors are used in Wheatstone bridges to suppress the offset 
temperature drift eaused by temperature eoeffieient of the strueture resistiv- 
ity. The problem is, how to give to the individual sensors in the opposite 
bridge arms different sensitivity to the external field. No elegant solution 
similar to Barber poles was found. Presently three teehniques are being used: 

1 . biasing by integrated field eoil 

2. biasing by integrated hard magnet (or antiferromagnet) 

3. field eoneentrators and shields 

Integrated flat biasing eoil ean give required two opposite field direetions 
on the same GMR ehip. Contrary to that it is a teehnologieal eHallenge to 
produee two opposite oriented hard magnets on the same layer. Last teeh- 
nique of soft magnetie field eoneentrators, whieh inerease the external field 
for two bridge arms and shield the other two is being used in GMR sensors 
produeed by NVE. Example of the eharaeteristies of these sensors is given in 
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Figure 13. Notice that field concentrators cannot give linear response to 
GMR sensors bridge. 

Biasing by AC field is promising technique for improving the properties 
of GMR sensors, but the price is increased complexity and power consump- 
tion [13]. 




SDT (Spin-depending Tunelling) sensors are small, low-power, but also 
very non-linear [15], [16]. 



4. FLUXGATES 

Fluxgates are the most sensitive room-temperature magnetic sensors [1]. 
They are based on non-linear magnetization characteristics of ferromagnetic 
core. Fluxgate can measure fields up to 1 mT with 100 pT resolution. The 
basic fluxgate sensor consists of ferromagnetic core with excitation and 
sensing coils (Figure 14). The sensor core is periodically saturated by excita- 
tion current fxc so that its permeability p drops to 1 twice in each period. In 
the absence of external field, magnetisation is symmetrical and only even 
harmonics of the excitation frequency are present in the core flux waveform. 
External measured field Bo causes assymetry in the magnetisation, which is 
usually detected as 2nd harmonics in voltage Vmd induced into the pick-up 
coil. The disadvantage of the basic single-core structure is that due to the 
transformer effect the even components of the induced voltage are high, 
while the measured 2nd harmonics voltage may be very low. 
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Figure 14. Basic Fluxgate Sensor - from [2], 



The most usual fluxgate sensors have ring (toroidal) eore, with exeitation 
eoil wound around the eore and piek-up eoil wound over it. There are three 
advantages of this sensor type: 

1. the magnetie part for the exeitation field is elosed so that the re- 
quired exeitation power is low 

2. seen from the piek-up eoil the two eore halves are exeited in the op- 
posite direetions so that the net flux without the external field is 
elose to zero. 

3. symmetrieal strueture allows to rotate the eore versus the piek-up 
eoil and find the position, in whieh the effeets of the eore imperfee- 
tions are minimized. 

Figure 15 shows the typieal fluxgate analog feedbaek magnetometer us- 
ing ring-eore sensor. The generator GEN produees both the exeitation fre- 
queney f and its seeond harmonies 2f, whieh eontrols the phase-sensitive 
deteetor PSD used for proeessing the sensor output signal. After amplifiea- 
tion the feedbaek loop is elosed: the piek-up eoil often serves also for the 
feedbaek. The magnetometer output Vout is derived from the feedbaek eur- 
rent using differential amplifier DA. 




Figure 15. Fluxgate Magnetometer Using Ring-core (Toroidal) Sensor - from [2], 
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The integrator gives enough feedbaek gain so that the magnetometer line- 
arity and gain stability are given by the properties of the feedbaek eoil. Re- 
sulting linearity error is as low as several ppm. The typieal sensitivity 
tempeo is 30 ppm/K, but preeise magnetometers ean aehieve 1 ppm/K. Main 
problem of eommereially available fluxgate magnetometers is the stability of 
their offset with temperature and time. Typieal values are 0.2 nT/K and 1 
nT/day, but top fluxgate magnetometers aehieved 1 nT long-term stability in 
the wide temperature range. 

Fully digital fluxgate magnetometers have advantages, but they have not 
reaehed the performanee of analog deviees [17]. 

Micro-fluxgate sensors are still in development. Some types have flat 
eoils [18], [19], other mieromaehined solenoids. Their eores are eleetrode- 
posited or made of amorphous strips. These sensors may have eleetronies on 
ehip and they are potentially eheap. But at the time being their parameters 
are eomparable with AMR sensors of similar size. 



5. OTHER MAGNETIC SENSORS 

5.1 SQUIDS 

Supereondueting magnetometers ean measure fields down to fT range. 
They need liquid helium or at least liquid nitrogen temperatures (“high tem- 
perature” SQUIDS) [20]. SQUIDs are rather ineremental than absolute sen- 
sors, as they measure field inerements. Beeause they have small dynamie 
range, they ean be easily overloaded by moving in the Earth field or by inter- 
fering AC fields. To suppress these effeets they are mostly made as gradi- 
ometers and they often work inside magnetie shieldings. 



5.2 Magnetooptic Sensors 

They are based on Kerr effeet, whieh is a field-dependent rotation of po- 
larization plane of light in some materials. These sensors are suitable to 
measure only high fields [21]. 



5.3 GMI 

High-frequeney eleetrieal impedanee of ferromagnetie metal is affeeted 
by eddy eurrents. The penetration depth depends on the material permeabil- 
ity, whieh is dependent on the value of the measured field B. Henee the im- 
pedanee depends on |b| . This is the basie explanation of Giant magnetoim- 
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pedance effect. GMI sensor are made of wires, tapes or thin layers of soft 
magnetic materials [22], One of the critical aspects of the first two men- 
tioned types is the reliability and resistance of the electrical contact. Another 
problem is the perming. Data on temperature offset stability of GMI sensors 
are rarely available. 

Basic GMI sensors have even characteristics - they cannot distinguish the 
field polarity. “Asymmetrical GMI effect” is based on biasing of GMI sensor 
by remanent field of magnetically harder material (e.g. created by surface 
crystallization). First commercially available GMI sensors appeared in 2002. 



5.4 Magnetostrictive Sensors 

These sensors detect magnetic field by using magnetostrictive material 
[23]. Its dimensional change can be measured by optical fibre, using capaci- 
tive method or by piezoelectric material. Other sensors are based on chang- 
ing the resonance frequency of free-standing elements manufactured by 
MEMS technology. In general, the magnetostrictive field sensors have even 
characteristics. 



6. CURRENT SENSORS 

The current measurement using shunt resistor is in some cases impracti- 
cal or impossible. Contactless current sensors may be used for remote con- 
ductors at high potentials, underground cables etc. This section is based on 
overview of current sensors given in [24] and [25]. Traditional DC and AC 
contactless current sensors are available for ranges from mA to kA with 
precision from 3% (uncompensated Hall current sensors) to 0.1 % (compen- 
sated Hall devices and magnetic amplifiers). Higher precision is easily 
achievable with Current comparators. Very promising are current sensors 
based on AMR effect and di/dt sensors. 

Besides fulfilling the requirements common to magnetic field sensors, 
contactless current sensors should be geometrically selective - i.e. sensitive 
to measured currents, and resistant against interferences from other currents 
and external fields. The easiest way how to guarantee this, is to use a closed 
magnetic circuit with a measured conductor inside. This is used in current 
transformers, fluxgate current sensors and in most of the Hall current sen- 
sors. If this is not possible, gradient techniques can be used. Simple inte- 
grated current sensors use folded conductor and gradient field sensor, which 
suppresses response from distant sources, which give low gradient. For large 
currents the current bar should be kept straight and circular arrays of typi- 
cally four to eight sensors are being used [26]. Averaging of the sensor out- 
put increases sensitivity to the conductor between them and decreases sensi- 
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tivity to the conductors outside (Figure 16). 




Figure 16. Current Sensor Consisting of Array of 8 Magnetoresistors - from [27]. 



6.1 Instrument Current Transformers 

They have a primary winding with few turns (or a single conductor 
through the core opening) and a secondary winding, which should be ideally 
short-circuited, but in reality it has some small burden. The core is usually 
ring-shaped, either wound of high permeability tape (for precise, low- 
frequency devices) or made of ferrite (for high-frequency devices). 
Nanocrystalline materials are very promising for use in instrument current 
transformers [28]. Electronically enhanced two-stage current transformers 
show accuracy improvement by two orders of magnitude. 



6.2 Rogowski Coil 

Circular Rogowski coils (also called di/dt coils) may be used to measure 
AC or transient currents. The device is extremely linear, as it has air core. It 
is sensitive to di/dt, so that the output voltage should be integrated. 0.1% 
error from the measured value in 1000:1 dynamic range is achievable [29]. 
Rogowski coil with integrator can also be used to measure changes in DC 
current: however, the limiting factor here is the offset drift of the integrator. 



6.3 Fluxgate DC Current Sensors 



Fluxgate DC current sensors or “DC transformers” are similar to DC 
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comparators but of a much simpler design. The accuracy of a typical com- 
mercial 40 A module is 0.5 %, linearity 0.1 %, current temperature drift 
<30pA(-25“C...70°C). 

Because of their low offset drift, fluxgate-based “DC current transform- 
ers” are superior to the current sensors having Hall sensor in the airgap. 



6.4 Hall Current Sensors 

Traditional current sensors are based on the Hall element in the airgap of 
a magnetic yoke. To improve the linearity, the measured current may be 
compensated. However, open-loop meters are preferred for battery-operated 
devices. One of the best feedback-compensated small-range Hall current 
sensors is LTS 25-NP manufactured by LEM. The device has 25 A range 
and DC to 200 kHz bandwidth, error is 0.02 % and sensitivity TC is 50 
ppm/K. The main problem of these sensors is their limited zero stability 
given by the Hall sensor offset: typical offset drift of a 50 A sensor is 600 
pA in the (0° C ... 70 °C) range. This parameter is 20-times worse than that 
of fluxgate-type current sensor modules. Even when using magnetic yoke. 
Hall current sensors are sensitive to external magnetic fields and close cur- 
rents due to the airgap (necessary to accommodate the sensor). Another DC 
error is caused by the hysteresis of the magnetic core - only few Hall current 
meters have AC demagnetization circuit to erase perming after overrange 
DC current. 



6.5 Magnetoresistive Current Sensor 

They are shown in Figure 17. It is based on an AMR bridge, which is 
made insensitive to an external field, but sensitive to measured current 
through the primary bus bar [30] The measured current is compensated by 
feedback current through compensation conductor. Typical application is 
galvanically isolated current sensing in PWM regulated brushless motor. 
These sensors are manufactured by F.W. Bell and Sensitech with ranges 
from 5 to 50 A. Achieved linearity is 0.1 %, temperature coefficient of sensi- 
tivity is 100 ppm/K, offset drift in the (-45°C to +85°C ) range is 1.4% FS. 

While linearization of the AMR sensors is made by using Barber poles, 
these GMR sensors should be biased by permanent magnet, which is a 
source of instability. 
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Figurel7. Magnetoresistive Current Sensor-after [30], 



6.6 Other Current Sensors 

Magnetooptical current sensors are suitable for high-voltage high- 
eurrent applieations, but the reported errors are more than 1% even after 
temperature eompensation [21], [31]. 

AC current clamps are usually based on eurrent transformers with 
openable eore. The measured eonduetor forms a primary winding, seeondary 
winding is terminated by a small resistor, or eonneeted to eurrent-to voltage 
eonverter. Very aeeurate elamp eurrent transformers use eleetronie eompen- 
sation of the magnetization eurrent and aehieve error of 0.05% from the 
measured value in 1 % FS to 100 % FS. 

Some of the available DC current clamps based on Hall sensor may 
have 10 mA resolution, but the maximum aehieved aeeuraey is 30 mA, even 
if they are of the eompensated type. Preeise DC/AC eurrent elamps based on 
shielded fluxgate sensor were deseribed in [27] The sensor linearity and 
hysteresis error is less than 0.3% of the 40 A full-seale. The noise is 10 pA 
p-p, long-term zero stability is 1 mA. The main advantage is high suppres- 
sion of the external eurrents. 

Magnetometric measurement of hidden currents 

Underground eleetrie eonduetors ean be loeated and their eurrent ean be 
remotely monitored by measuring the magnetie field in several points sup- 
posing that the baek eonduetor is distant. 1 A eonduetors ean be deteeted 
from 40 m distanee and their position determined with 0. 1 m aeeuraey from 
4 m distanee [32]. The magnetometer method is also used to measure the 
eurrents in eonstruetions sueh as bridges and in pipelines. 
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7. APPLICATIONS OF MAGNETIC FIELD SENSORS 

Magnetic position switches and rotation counters made of Hall sensors 
and permanent magnets are cheap devices, which are produced in billion 
volumes. On the other hand, some high-end applications require analog out- 
put with ppm precision. 



7.1 Magnetic Position Sensors 

Some magnetic position sensors have only bi-state output (position 
switches), the others have analog output. Magnetic encoders generate digital 
code. All these sensors can measure linear or angular position or speed. 

Some magnetic position sensors and position switches contain permanent 
magnet. First group of sensors have this magnet attached to the moving ob- 
ject (“target”). The magnetic sensor can be inductive coil (which gives signal 
amplitude proportional to the speed), pulse wire (Wiegand sensor), magne- 
toresistor (AMR or GMR) or still most often used Hall sensor. Figure 18 
shows linear sensor of this type with the output for two sensor orientations. 
Figure 19 shows rotation sensor using permanent magnet and two 
perpendicular Hall sensors. 




Figure 18. Linear Position Sensor (fromNVE brochure [14]). 
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Figure 19. Rotational Position Sensor with Two Orthogonal Hall Elements 
(after Sentron brochure [33]). 



If the target is ferromagnetie, the magnet need not attaehed to it, but ean 
be a part of the sensor itself. Most important example of this type is the 
toothwheel sensor used in ears to eontrol the ignition. 

Induetive toothwheel sensors use the dependenee of the sensor eoil im- 
pedanee on the position of the tooth. AC impedanee is affeeted by eddy eur- 
rents, so that the so-ealled eddy eurrent sensors work for all eonduetive tar- 
gets. 

Magnetie eneoders deteet small permanent magnets or marks on mag- 
netie tape or disk. Other types of magnetie position sensors sueh as LVDTs 
and Induetosyns are based on transformers with movable eores or windings. 



7.2 Compass 

Many solid-state magnetie eompasses use only two-axis magnetie sen- 
sors. In sueh ease the eompass should be kept in horizontal position (gim- 
balled) in order to measure horizontal part of the Earth’s field and ealeulate 
the azimuth a eorreetly (Figure 20). One degree out of horizontal position 
may eause two degrees azimuth error. “Eleetronieally gimballed” eompasses 
ean work in arbitrary position. They should use tri-axial magnetie sensor and 
two-axial inelinometer and some algebra to ealeulate the eorreet azimuth. 
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X (forward) 




Figure 20. Gimballed Magnetic Compass Measures Two Horizontal Components 

of the Earth ’s Field. 



Magnetic compasses based on fluxgate sensors may have error well be- 
low 0.1 degree, while compass based on AMR sensor can hardly reach 
0.5 deg. accuracy. 



7.3 Security and Military 

These cHallenging applications include finding UXO (unexploded am- 
munition), target detection and tracking (for missiles and intelligent ammu- 
nition), submarine detection, smart navigation (also using local Earth’s field 
anomalies), antitheft systems, and weapon detection. The task is often to find 
nT field signature in the 50 000 nT Earth’s field background, which requires 
ppm precision. SQUID magnetometers cannot be used because of their small 
dynamic range. Fluxgates give vectorial information, but they have problem 
with offset stability. Resonant magnetometers are stable enough but they are 
scalar instruments, so the interpretation of their measurements is difficult. 
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7.4 Geophysics and Space Research 

Magnetic sensors are used for mapping the local Earth’s field anomalies, 
monitoring its time variations and also to measure magnetic properties of 
rocks. 

Space magnetometers are mostly three-axial fluxgates accompanied by 
scalar magnetometer, which helps to keep long-term stability [34]. Deep 
space missions require lower field range, but higher radiation immunity. It is 
also important to ensure that the magnetic field from the satellite body will 
not influence the magnetometer on board. 



7.5 Biomagnetism and Medical Applications 

Tracking devices for monitoring the 3-D position and orientation sensing 
found potential in virtual and augmented reality systems, orthopaedics and 
biokinematics and also for monitoring the position of the laparoscopic surgi- 
cal tools. SQUID sensors have been used for magnetocardiography (MKG) 
and magnetoencefalography (MEG). The main advantage of these tech- 
niques is that their interpretation is easier than in case of EKG and EEG, 
which register the surface electrical potentials. The reason is that the mag- 
netic fields are more directly connected with their sources, which are electri- 
cal currents in the heart or brain. Problem of these techniques is that the 
measured fields are so small that they require not only sensitive multichannel 
gradiometer, but also expensive and bulky shielding chamber. 

Another diagnostic technique is magnetopneumography: mapping the 
distribution of ferromagnetic particles in the lungs after they are magnetised 
by strong DC field. Here the measured fields are in the order of 1 nT, so 
fiuxgate gradiometers can be used in some cases [35]. 

Magnetic sensors have been used for monitoring the position of magnetic 
markers, e.g. “magnetic biscuits” for monitoring the digestion system and 
microparticles for immuno-essay biosensors. 



7.6 Non-destructive Testing 

Both AC and DC magnetic methods are being used for testing and mate- 
rial evaluation [36]. While for eddy-current methods induction coils are 
used, DC remanence is usually measured by fiuxgate [37] or AMR sensors. 
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8. CONCLUSIONS 

Magnetic sensors are: 

• Contactless; 

• Robust; 

• Resistant against vibrations, temperature and dirt; 

• Cheap; 

• Low power. 

New types include: 

• Integrated and vertical Hall sensors; 

• Ferromagnetic Magnetoresistors: AMR, GMR and SDT. 

Fluxgates are the most precise vectorial sensors, followed by AMRs, 

which become great competitors of Hall sensors. Until now, GMR and SDT 
sensors are rather nonlinear. GMI sensors are recently commercially avail- 
able, but their present accuracy is not competitive. 

Common problem of magnetic sensors containing ferromagnetic material 
is perming (remanence). This was solved only with fluxgates and flipped 
AMRs. 
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Abstract: This chapter describes the Hall plates with the planar dimensions from 
micro-meter to deep sub-mierometer range. In the theoretical part, the 
physical phenomena in such micro-devices are described. Sealing 
down the dimensions of a Hall plate, the prevailing meehanism of 
electron transport changes. In macroscopic devices stationary transport 
takes place. Depending on the device size and applied voltage, the drift 
veloeity of carriers may be linearly dependent on the voltage or 
saturated. Sealing down further, the device enters the non- stationary 
transport range, where velocity overshoot and ballistic transport occur. 
In each regime magnetic sensitivity and noise of the device are 
estimated. In the experimental part, a review of the published results 
on the technologies, performance, and applications of micro-Hall 
devices is given. In summary, sealing down a Hall sensor brings about 
a degradation of its basie eharacteristics. On the other hand, micro-Hall 
devices open the way to applieations where high spatial resolution is 
necessary, like in seanning Hall probe microscopy. 

Keywords: Magnetic sensors, miero-Hall, sealing down, sensitivity, noise, 
resolution. 



1. INTRODUCTION 

The standard way of measuring magnetie fields in the range between 
0.1 mT (milli-tesla) to several lOths of Tesla is by using a Hall magnetic 
sensor. The technology of Hall magnetic sensors is today well established 
and broadly used both in scientific research and in industry. Several books 
are devoted to Hall magnetic sensors (see, e.g., the recent book [1]). 

The dimensions of conventional Hall magnetic sensors are generally 
chosen according to the following two criteria: on the one hand, a Hall 
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device should be small enough as to not essentially influence the overall 
production costs of the Hall sensor system; on the other hand, the 
dimensions of the Hall device should be big enough as to be not sensitive 
to production tolerances. A compromise of these two criteria currently 
gives the dimensions of conventional Hall magnetic sensor of the order of 
100 pm. The corresponding spatial resolution of the measured magnetic 
field is then also of this order, which is more than enough for most 
practical applications. 

But there are some magnetic measurement problems in engineering 
and science that cannot be solved by conventional Hall devices. For 
example, with a conventional Hall magnetic sensor we cannot map the 
magnetic field around a micrometer-size magnetic particle. For such an 
application we need a Hall device of dimensions comparable (or smaller) 
respect to the dimensions of the source of the magnetic field to be 
measured. 

In this chapter we shall treat such very small Hall magnetic sensors. 
We call them micro-Hall magnetic sensors, where micro means - much 
smaller than conventional, i.e., in the micrometer and sub-micrometer 
range. We shall first briefly review some elements of the theory of 
conventional Hall devices that we need as a basis for further analysis. 
Then we shall try to foresee what happens with the characteristics of a 
Hall device if we start decreasing its dimensions. Finally, we shall look at 
several examples of miniaturized Hall magnetic sensors and their 
applications. Because of the limited space, in the theoretical part we shall 
avoid the explanation of many details by making reference to the 
corresponding sections of the book [1]. 



2. CONVENTIONAL HALL PLATES 

A Hall magnetic sensor has usually a form of a Hall plate (&4 of [1]). 
A Hall plate is a thin semiconductor plate (or a part of a semiconductor 
layer) fitted with four ohmic contacts at its periphery (Figure 1). If a 
current-carrying plate is exposed to a perpendicular magnetic field B, then 
across the plate appears a Hall voltage Fh. The Hall voltage is the output 
signal of the sensor, which gives an analog interpretation of the measured 
magnetic field. 
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Figure 1. Structure and operation of a Hall plate. A bias voltage V is applied to the 
plate via the two current contacts Cl and C2. The bias voltage creates an electric field 
and forces a current /. If the plate is exposed to a perpendicular magnetic induction 
B, the Hall electric field £h occurs in the plate. The Hall electric field gives rise to the 
appearance of the Hall voltage Fh between the two sense contacts SI and S2. 



The basic effect leading to the appearance of a Hall voltage in a Hall 
plate is the Hall effect, discovered in 1879 [2], The fundamental 
electromotive force generating the Hall voltage is the Lorentz force, 
which acts on each charge carrier: 

F - + g(vx B) (1) 

Here q denotes the particle charge (for electrons q=e and for holes q=-e, 
where e ^ —1.6x10 *^C), E is the electric field, v the carrier velocity 
and B the magnetic induction. The magnetic component of the Lorentz 
force, e[v x B], pushes the charge carriers in the lateral direction (along 
the plate width IT). This gives rise to the creation of the Hall electric field. 

Eh = -(^d X E ) , (2) 

where Vd denotes the drift velocity of carriers. The Hall voltage is then 
given by 



V, 



H 



52 

^E^dw, 

51 



(3) 



where SI and S2 denote the positions of the sense contacts, see Figure 1. 
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2.1 Characteristics of Hall Magnetic Sensors 

Hall plates are usually described by several “figures of merits”. We 
shall here briefly review some of such characteristics. 

Absolute Sensitivity of a Hall magnetic sensor is the ratio: 



5 






V, 



H 



B, 



(4) 



Here Vn is the Hall voltage, is the normal component of the magnetic 
induction, and C denotes a set of operating conditions. For future 
reference note that, if we assume that the Hall electric field is constant 
over the plate width, from (2) - (4) we obtain 

(5) 

where W denotes the plate width. 

To compare different sensors one usually uses the current related 
sensitivity Si. The current related sensitivity is the absolute sensitivity 
normalized (divided) by the bias current /. 

Offset-Equivalent Magnetic Field is the magnetic field, which would 
yield at the output of a perfect Hall plate a Hall voltage equal to the 
measured offset voltage. Using (4), we calculate the offset-equivalent 
magnetic field as 



^Off - 



V, 



off 



( 6 ) 



where Foff denotes the offset voltage. The offset voltage is proportional to 
the input voltage and quasi independent on the magnetic field. Offset is 
caused by geometrical and electrical asymmetries of the Hall plate. 

Noise-Equivalent Magnetic Field Spectral Density is the magnetic 
field spectral density, which would yield at the output of a noiseless Hall 
plate the measured voltage noise spectral density. It is given by 



5 



NB 



Si 



(7) 



where 5nv(/) is the noise voltage spectral density at the sensor output. For 
the signal-to-noise ratio (SNR) equal to 1, equation (7) gives the magnetic 
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field resolution per hertz. The magnetic field resolution is also often 
given by average noise-equivalent magnetic field density (in t/VHz ): 

'^min “ ^NB ' 

At high-enough frequencies, noise in a Hall device is usually 
dominated by the thermal noise 

SMv=4kTR^ut^ ( 8 ) 



Here k is the Botzmann constant, T is the absolute temperature, and Roat is 
the output resistance of the Hall device. At low-enough frequencies, noise 
is dominated by the Hf noise. It can be shown that 



5 



NV 



Kl 

g 



a 1 



( 9 ) 



Here Hn denotes the input voltage of the Hall device, a is the Hooge 
parameter (a < 10'^)(&2.5.3 of [1]), g- is a geometrical factor (usually, 
g » 3), and N is the number of charge carriers in the active region of the 
Hall plate. If thel/f noise dominates, then the rms noise equivalent 
magnetic field (resolution for SNR = 1) in a frequency region is given by 



^Nf — 



^2 



. 1/2 



/. 



( 10 ) 



where Si=(ViJg)(a/N), and /i and fi are the limits of the frequency range 
of interest. 

Cutoff Frequency of a Hall magnetic sensor is the frequency at which 
its magnetic sensitivity is for 3 dB lower than at low frequencies 
(S'a(/c) = 0.707 5'a(0)). The magnetic sensitivity of a Hall plate may 
depend on frequency due to several effects (&4.6 of [1]). If we neglect the 
trivial parasitic effects, the cutoff frequency is generally given by 

/c=l/(27ir), (11) 

where t denotes the dielectric relaxation time of the Hall plate. Depending 
on the plate dimensions and the materials, the dominant dielectric 
relaxation process may take place either in the plate or around it. If the 
plate is thick, made of a high-permittivity material, and placed in vacuum. 
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then the relaxation parameter in (11) is usually determined by the 
dielectric relaxation time of the plate material, which is given by 



r 




( 12 ) 



where s and cr denote the permittivity and the conductivity of the plate 
material, respectively. If, however, the plate is thin and made of a low- 
permittivity material, but immersed in a high-permittivity dielectric, then 
the dielectric relaxation is determined by the so-called global capacitance 
of the plate. Then the relaxation time in (1 1) is dominated by the so-called 
global relaxation time of the plate, given by 



<j d 71 



(13) 



Here denotes the external permittivity (of the material surrounding the 
Hall plate), cr is the conductivity of the plate material, and L and d are the 
plate length and thickness, respectively. 



3. SCALING DOWN A HALL PLATE 

Consider now the operation of a Hall plate while reducing all its planar 
dimensions by a scaling factor K (>1) (&5.5.1 of [1]). While decreasing 
the dimensions of a Hall plate, we shall see that different physical effects 
predominantly determine its characteristics at different size ranges. We 
shall name these size ranges by the usual type of electron transport in a 
Hall plate of this size range. In Appendix A we give a short summary of 
the carrier transport phenomena in semiconductors. 



3.1 Stationary Transport Range 

We shall first consider the case when the charge carriers in a Hall plate 
stay under given conditions (electric field, density of scattering centers, 
temperature) during enough time to reach steady-state distributions both 
in terms of momentum and energy. “Enough time” means - enough to 
make many collisions with scattering centers. Then the charge carriers in 
average either move with the drift velocity linearly proportional with the 
driving electric field, or, at higher electric fields, their drift velocity 
reaches saturation. This transport range is sometimes also called 
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“diffusive” transport, although it has little to do with the conventional 
diffusion phenomena. 

Linear Drift Range 

The linear drift range is the size range appropriate to the conventional 
Hall devices analyzed up to now. The minimal dimensions of a Hall plate 
belonging to this size range might be a few micro-meters for a low- 
mobility material, or several tens of micrometers for a high-mobility 
material. The essential feature of the charge carrier transport in this size 
range is that the carrier drift velocity is linearly proportional to the applied 
electric field E: 



Vd=pE, (14) 

where ju denotes the carrier mobility. 

We shall make at this point the following approximation for the 
driving electrical field in the active region of a Hall plate (between the 
sense contacts): 



E = V/L, (15) 

where V denotes the input voltage and L denotes the plate length. This 
approximation is for example reasonable for a long perpendicular Hall 
plate (figure 1) with very small Hall contacts. But note that this is only an 
approximation: the presence of the sense contacts, due to their short- 
circuiting effect, brings about a decrease of the local driving electric field 
- see also S.4 below. This approximation implies in particular that the 
Hall device equations of our interest can be written without the 
geometrical factor of Hall voltage Gr (&4.2.6 of [1]) (i.e., Gr » 1). 

According to (5), (14) and (15), the Hall voltage is proportional to the 
input voltage. But in practice, the maximal input voltage of a Hall device 
is limited. For example, in certain integrated circuits the voltage is kept 
constant at 5V. Therefore, we consider the scaling down in the linear drift 
region under constant voltage. Then the applied electric field as well as 
the drift velocity of carriers is inversely proportional to the length of the 
sensor. If we reduce all planar dimensions of a Hall plate working in the 
linear drift range by the scaling factor K while keeping the input voltage 
constant, we shall have the following consequences on its main 
characteristics: 

L.l) Sensitivity: does not change, see (5); 

L.2) Input current, input and output resistances: do not change; 
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L.3) Offset-equivalent magnetie field: increases proportionally with K, 
if we assume that the main cause of offset are the tolerances in the 
dimensions; 

L.4) Noise-equivalent magnetic field (7): (i) in the white (resistive) 
noise range, it does not change since the resistance and the sensitivity 
remain constant; but (ii) in the 1/f noise range, noise-equivalent 
magnetic field increases proportionally with K, because the 1/f noise 
spectral density is inversely proportional with the number of carriers N 
(9), which scales as 1/K2. Therefore, 1/f noise may stay dominant until 
very high frequencies, in the hundreds MHz range. 

L.5) Cutoff frequency: since we do not scale down the plate thickness, 
than fC increases at least proportionally with K (see (11), (13), and 
Appendix A). 

If we keep increasing the scaling factor K, we shall eventually come to 
a limit of the linear drift range. Depending on the details of the design of 
the Hall plate under consideration, we may reach first the limit due to 
overheating or due to velocity saturation. 

Overheating. In the above-described scaling approach, we kept the 
total power dissipated in the Hall plate constant, while we decreased the 
plate surface by the factor If we do nothing to improve the heat 
removal from the Hall device, the difference between the Hall device 
temperature (of both the crystal lattice and the charge carriers) and the 
ambient temperature shall increase roughly proportionally with K?. An 
increase in temperature brings about a reduction of carrier mobility, and, 
eventually, onset of intrinsic conditions of the active semiconductor layer. 

Velocity saturation. By scaling down a Hall plate while keeping the 
input voltage constant, we increase the excitation electric field in it. Then 
the electric field shall eventually reach a value at which the drift velocity 
of charge carriers reaches saturation. Now if we continue reducing the 
Hall plate dimensions, the functional relationships between the 
dimensions and the sensor characteristics become quite different than 
those valid in the linear drift range. 

Saturated Velocity Range 

The electron drift velocity reaches a maximal value in GaAs at an 
electric field of about 3 kV/cm and in Si at about 30 kV/cm (&2.4.2 of 
[1]). At a bias voltage of 5 V, this corresponds to the lengths of the Hall 
plate of about 15 pm and 1.5 pm, respectively. If we continue scaling 
down a Hall plate below these dimensions while keeping the input voltage 
constant, the carrier drift velocity will not increase any more. 
Consequently, the Hall electric field shall not increase either, since it is 
proportional to the carrier velocity (5). So it is not reasonable any more to 
keep the bias voltage constant. Instead, in this size range, we should better 
adopt the constant-field scaling rules, developed for MOS transistors [3]. 
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This means: while reducing all planar dimensions of a Hall plate by a 
scaling factor K, we also reduce the input voltage by the same factor. 
Then both excitation electric field and Hall electric field stay independent 
on Ai. We expect that scaling down in the saturated drift velocity range 
shall have the following consequences on the main characteristics of a 
Hall plate working in the velocity saturation range: 

5.1) Sensitivity: decreases proportionally with l/K. This is so because 
now the Hall electric field does not depend on K, whereas the 
integration path SI, S2 for Hall voltage in figure 1 scales down as 
l/K. In other words, in (5), the velocity is constant (the saturation 
velocity) and the sensitivity becomes proportional to the sensor’s 
width. 

5.2) Input current: decreases proportionally with l/K. This is so 
because we assume a constant carrier density, the carrier velocity is 
saturated, and the cross-section of the plate scales down as l/K. 

5.3) Input dynamic resistance: tends to infinity. If drift velocity is 
saturated, current does not depend any more on the applied voltage. 
So dl/dV 0, and consequently, R -^co. 

5.4) Output resistance: only slightly increases. This is so because in a 
Hall plate the electric field between the sense contacts is lower than 
that further away from the sense contacts (see the comment following 
equation (15) above and figure 5.19 in [1]). 

5.5) Noise: (i) the white (resistive) noise slightly increases because of 
S.4; but (ii) the 1/f noise further increases proportionally with K, 
much as above in the case (L.4 - ii). The noise is to be translated into 
the noise-equivalent magnetic field by taking into account that the 
sensitivity decreases proportionally with l/K. Therefore the noise- 
equivalent magnetic field increases slightly more than linearly with K 
in the case of white noise and quadratically with K for the 1/f noise. 

5.6) Cutoff frequency: increases, as above in the case L.5), as long as 
we do not reach a limit imposed by the intrinsic dielectric relaxation 
( 12 ). 

The conclusions S.l) and S.5)(ii) imply that scaling a Hall plate 
beyond the point of drift velocity saturation brings about a rapid 
degradation of its magnetic field resolution. 



3.2 Non-Stationary Transport Range 

If we still keep scaling down a Hall plate, then the number of 
successive collisions that an electron makes on its way between the two 
current contacts shall also decrease. Eventually, more and more electrons 
shall make the trip between the current contacts with only a few, or even 
without any collisions. Then we enter the non-stationary transport range. 
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Recall the two most important phenomena of non-stationary transport: 
velocity overshoot and ballistic transport - see Appendix A. 

Velocity Overshoot Range 

Briefly, velocity overshoot means a swift increase in the drift velocity 
of charge carriers well above the value of stationary saturation drift 
velocity. This occurs when a Hall device is so small, and the applied 
voltage is so high, that electrons experience just a few collisions while 
passing the distance between the current contacts. For example, this may 
be the case in a high mobility 2DEG Hall plate, about 5 pm long, working 
in cryogenic temperature range and biased by a voltage of about 5 V. 

Assume that we have a Hall plate working just between the saturated 
velocity range and the velocity overshoot range. Then a further scaling 
down the plate planar dimensions results in an increase of the velocity, 
which may compensate or even overcompensate the decrease of the sensor 
width - see (5). 

Ballistic Transport Range 

Finally, let us assume that the dimensions of a Hall plate are so small 
that we can treat electrons as little charged billiard bolls that can “fly” 
trough it without any collision. To be definite, let us consider a ballistic 
Hall bar shown in figure 2. We assume that the material of the bar and 
the operating conditions are such that the length of the plate L is much 
smaller than the mean path of electrons between collisions. Now the 
notion of the plate resistance looses its sense and we assume that the 
device is designed in such a way that the source S limits the device current 
to a reasonable value. We also assume that there is no space charge effect 
in the plate so that the external biasing voltage V produces a constant 
electric field E over the length of the plate. 

Hall Voltage. Generally speaking, the mechanism of the generation of 
a Hall voltage in the device shown in figure 2 is the same as that acting in 
the device shown in figure 1. With reference to figure 2, the electrons 
move due to the biasing electric field along the x axis with a velocity v. If 
the device is exposed to a magnetic field B along the y axis, then it 
appears a Lorentz magnetic force F^, which tends to “press” the electrons 
against the upper border of the bar. The “accumulated” charges (i.e., 
flying electrons with a slightly higher density) at the borders create a Hall 
electric field E'h. The Hall electric field acts on the electrons by a Lorentz 
electric force F^, which exactly compensates the action of the magnetic 
force Fn,. The result is that the electrons move parallel with the x axis, as 
they would without a magnetic field. 
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Figure 2. A model of a ballistic Hall plate. Ballistic electrons are emitted the source S and 
collected by the drain D; M, N are the points for the retrieval of the Hall voltage. 



The fundamental difference between the classical Hall effect (Figure 1) 
and the ballistic Hall effect (figure 2) is the following detail: whereas in 
the classical (drift) case, the carrier drift velocity Vd is constant along the 
bar, in the ballistic case, the ballistic electron velocity v increases with the 
distance from the source X. As a consequence, whereas the classical Hall 
electric field is essentially constant along the length of the bar, the 
ballistic Hall electric field increases with the distance from the source 
electrode. 

A ballistic Hall device normally operates at a low temperature. 
Accordingly, it is reasonable to assume that electrons leave the source 
with zero initial velocity. Then they get the acceleration 




( 16 ) 
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and after a fly-time t aehieve the veloeity 



a - 




(17) 



Here e and m* denote the charge and the effective mass of the carriers, 
respectively, and 7? is the accelerating electric field (15). 

We can now estimate the ballistic Hall electric field by replacing in (5) 
the drift velocity Vd by the ballistic velocity (17). The result is 



E 



Hb 




t{ExB) 



The fly-time can be expressed in terms of the fly distance X\ 

l2X m* 



(18) 



(19) 



Now (18) becomes 



\ m* E 

Suppose that the magnetic field B is normal to the plate and the probe 
points M, N are situated at the middle of the bare, i.e., X = LI2, Then, by 
integrating the Hall electric field (20) between the probe points (3), we 
calculate the ballistic Hall voltage as 



l'«b= s (21) 

\ m* 

Here F denotes the bias voltage, V = E L. 

Note that we cannot increase the bias voltage at will: the limit here is 
given by the occurrence of the impact ionization effect. When the carrier 
kinetic energy is greater than the band gap energy, electron-hole pairs can 
be produced by ionization. This implies that the maximum applied voltage 
is held constant at the value V=EJq. In this case, the magnetic sensitivity 
of a ballistic Hall device is proportional with the device width W. 

Noise. The good news about a Hall plate working in the ballistic 
regime is that it may have a small noise. Suppose that the device structure 
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and technology are so perfect that we may neglect 1/f noise. Then due to 
the nature of the carrier transport and to the fact that ballistic Hall device 
normally operates at a low temperature, we now expect to see 
predominantly shot noise. 

The bias current / can be decomposed in single electrons flowing 
through the device at the rate I/q. Each electron produces a voltage 
difference between the two points M and N for a period corresponding to 
the transit time Ttrans- From (19) we obtain the transit time as: 



^ (2 w* , 

i (22) 

In the time domain, this basic voltage pulses can be approximated by: 

dV(j) = A for t e and dV {t) = 0 elsewhere (23) 

s W 

The factor A accounts for the electron trace position, averaged over all the 
electron’s traces. Namely, the electrons flowing in the center of the device 
do not produce a voltage unbalance, in contrary to the electrons flowing 
near the borders, s is the high-frequency permittivity of the sensor 
material. 

In the frequency domain, the voltage noise spectral density should be 
given by: 
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(24) 



The first term represents the rate of the events, the second is the square 
of the Fourier transform of each single event. 

Therefore, the voltage shot noise spectral density (24) at the output of a 
ballistic Hall plate is proportional with the device current. On the other 
hand, according to the above simple model, the Hall voltage does not 
depend on the device current at all (21). Therefore, it should be possible to 
achieve a reasonable magnetic resolution of a ballistic Hall device just by 
reducing the emissivity of the source S. 

Cutoff frequency. In analogy with the case of other very small 
electron devices, we think the cutoff frequency of a ballistic Hall device 
may be determined either by the carrier transit time (19) or by the 
dielectric relaxation time (12) or (13), whichever is longer. 




Magnetic sensitivity 5. 
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3.3 Summary and Discussion 

We may summarize the results of our analysis of scaling down of Hall 
plates as follows: 

Depending on the predominant nature of carrier transport, the 
magnetic sensitivity of a Hall plate either stays more or less 
constant, or decreases proportionally with the plate dimensions, as 
shown in Figure 3. 



Non-stationary velocity 
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Figure 3. A qualitative piecewise linear approximation of the dependence of Hall plate 
magnetic field sensitivity on the plate planar dimensions and the scaling factor K. Plate 
dimensions are represented by the plate width W; K cc \tW. 



In the stationary transport range, the resistive noise stays almost 
constant, but the 1/f-noise increase with the scaling factor K. The 
comer frequency of the 1/f-noise shifts towards higher 
frequencies by scaling down. 

Therefore, magnetic resolution of a Hall plate in the stationary 
transport range generally quickly deteriorates with scaling down. 
In the ballistic transport range, we expect that shot noise 
dominates and the final outcome for magnetic resolution might 
not be so bad. 
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By and large, we think that the most important deterioration of the 
magnetic field resolution of a scaled down Hall magnetic sensor comes 
about because of the strong increase of the 1/f noise. Although above we 
neglected 1/f noise in the realm of the ballistic transport, experience 
teaches us that, for one or another reason, 1/f noise always exists. 
Therefore, we think that the application of an 1/f noise reduction 
techniques, such as “spinning current” (&5.6.3), is mandatory while 
working with micro-Hall magnetic sensors. Thereby the chopping 
frequency must increase as the size of the Hall devices decreases. 
Fortunately enough, this requirement is compatible with the fact that 
(usually) the cutoff frequency increases with the scaling down of a Hall 
device. 



4. EXAMPLES OF MICRO-HALL DEVICES 

Hall devices with dimensions down to (100 nm)^ have been realized 
with semiconductors (e.g.. Si [6], GaAs [7], InSb [8,9]) semiconductors 
heterostructures (e.g., GaAs/AlGaAs [10], InGaAs/InP [11], Si/SiGe [12], 
In/(Al,Ga)Sb [13], T nA l As/TnGaAs [14]), semimetals (Bi [15,16]), and 
metals (Al, Au [17]). 

Silicon Hall sensors are usually fabricated using low cost IC 
technologies. GaAs, InSb, and heterostructures sensors are realized 
structuring thin films, deposited by molecular beam epitaxy (MBE) or 
metallo-organic chemical vapor deposition (MOCVD), by optical, 
electron beam and ion beam lithography. Bi thin films are obtained by 
evaporation [15,16,18] or electrodeposition [19], and structured using 
techniques similar to those used for semiconductor devices. GaAs devices 
have been realized also by maskless Si ion implantation into semi- 
insulating GaAs substrates [7]. 

Table 1 summarizes the typical key features of micro-Hall sensors. The 
magnetic field resolution is significantly worse with respect to their larger 
counterparts, whereas the exceptionally wide frequency, temperature and 
magnetic field operating ranges are preserved. 

Table 2 reports the characteristics of several micro-Hall cross sensors 
at 300 K estimated from published results. Since the 1/f noise is linearly 
dependent on the bias current, the bias current is often set to the value at 
which the 1/f noise becomes larger than the thermal noise at the frequency 
of interest. This current is usually well below the limits imposed by carrier 
velocity saturation and overheating. At temperatures below 77 K, micro- 
Hall sensors having magnetic field resolutions better than 

lOnT/^Hz have been reported [56, 57]. 
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Table 1. Typical Characteristics of Micro-Hall Sensors. 



Feature 


Value 


Active area 


(100 nm)^ to (10 pm)^ 


Resistance 


1 0 Q to 100 kO 


Magnetic field resolution 


1 uT/VHz to 100 //T/VHz 


Bandwidth 


DC to 1 GHz 


Operating temperature 


1 K to 500 K 


Operating magnetic field 


OTto 30 T 



Table 2. Room Temperature Characteristics of Some Micro-Hall Sensors. The bottom row 
reports the bias current at which the magnetic field resolution is evaluated. The magnetic 
field resolution is defined as: R . = Js„ Is 

min "v NV j A 



Type 


Bi 


GaAs 


2DEG 


2DEG 


2DEG 


2DEG 


2DEG 


Si 


GaAs 


InSb 


Area (pm^) 


(0.1)" 


(0.3)" 


(0.4)" 


(0.4)" 


(0.8)" 


(1.5)" 


(2.0)" 


(2.4)" 


(4.0)" 


(4.5)" 


Si (V/AT) 


3.3 


30 


230 


230 


300 


700 


350 


87 


3100 


140 


®min 

(nT/VHz ) 


70000 


130 


10000 


180 


4000 


300 


5 


60 


10 


4 


@ I (mA) 


0.04 


2 


0.001 


0.3 


0.003 


0.1 


2 


2 


0.3 


3 



5. APPLICATIONS OF MICRO-HALL DEVICES 

Micro-Hall sensors are employed to perform magnetization 
measurements of magnetic particles deposited on their active area or as 
scanning probes to measure the magnetic field on a surface (a method 
usually referred as scanning Hall probe microscopy). In particular, 
miniaturized Hall sensors are employed to measure highly inhomogeneous 
magnetic fields such as those produced by ferromagnetic nanoparticles 
[22, 24], vortices in superconductors [25, 26], magnetic domains in 
ferromagnetic materials [27-29] (see also Figure 4 and Figure 5), 
magnetic force microscopy tips [30], and magnetic recording media [31] 
(see also Figure 5). In combination with miniaturized magnets, they 
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represent a new approach to the realization of high density magnetic RAM 
[32], Their use for fundamental studies (e.g., the investigation of vortices 
in superconductors) as well as in industrially oriented projects (e.g., the 
development of read-heads for magnetic storage media) has proved their 
versatility and general significance. 




Figure 4. Room-temperature SHPM Images of (a) a 100 MB “Zip” Disk, (b) a 1.4 MB 
Floppy Disk. Reprinted From [27]. 
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Figure 5. Room Temperature Images (25 pm x 25 pm) of 5.5 pm Thick Single Crystal Bi- 
Substituted Iron Garnet Epilyer Placed in a Cyclic External Perpendicular Magnetic Field. 

Reprinted From [27]. 
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In our laboratory, we are developing deviees and teehniques for 
magnetometry [33], deteetion of magnetie mierobeads [34], and magnetie 
resonanee speetroseopy [35], 

The seanning Hall probe mieroseopy (SHPM) method is mainly in 
eompetition with magnetie foree mieroseopy (MFM) for magnetie imaging 
with sub-mierometer spatial resolution and sub-millitesla field resolution. 
For SHPM, the miero-Hall sensors are fabrieated at the edge of a planar 
substrate or on a eantilever tip. The distanee between the sensor and the 
sample surfaee is eontrolled by several different teehniques: tunneling 
eurrent [10], shear foree, piezorestistive [36, 37] (see Figure 6 and Figure 7), 
and optieal beam defleetion [15]. At present, MFM aehieves a better spatial 
resolution (about 10 nm) but a worse field resolution (about 100 //T/VHz)- 
SHPM presents large magnetie field, temperature, and frequeney operating 
ranges. Moreover, it is a quantitative and almost totally non-invasive method 
(the biasing eurrent has usually no signifieant effeets on the sample 
magnetization). Due to the interaetion magnetie tip-sample, the MFM 
teehnique is more invasive and, hardly, quantitative [38]. 

Mierometer sized Hall deviees have the potential to aehieve, at 300 K, 
magnetie field resolutions of about 10 nT/VHzin the thermal noise 
frequeney region. In order to praetieally aehieve this resolution, effieient 1/f 
noise rejeetion teehniques are required [39, 40]. Sueh magnetie and spatial 
resolutions are well suited for the measurements of magnetie field produeed 
by miero- and nano-ferromagnetie struetures. New applieations, e.g. the 
investigation of naturally present magnetie nanopartieles in living organism 
[41-44], might beeome possible. Additionally, this performanee might be 
good enough for 2D suseeptibility imaging of diamagnetie and paramagnetie 
materials at high magnetie fields, as an alternative to SQUID deteetion at 
low fields [45]. 

At low temperatures, thanks to the usually higher mobility and lower 
thermal noise, the field resolution is signifieantly better than that at 300 K 
[46-48]. The possibility to deteet the magnetie field produeed by a single 
eleetron loeated at a few nanometers from a submierometer Hall sensor has 
been antieipated [46], but not praetieally realized. 
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. 17nm GaAs cap layer 
40nin n-Alo.jCao tAs (lxlo'’cm'^ Si) 

40nni undoj^ Alj jdag ^As spacer 
undoped GaAs 
U.bgm undoped superlattice 
(2.5nmGaAs/25nmAlo3Gap7As,20 periods) 
O.Spm undoped GaAs 
0.5pm n-Alp.,Gao^ (3-4xlo'*cm’^ Si) 
4.5ijm undoped Alo^Gao^As etch stop 
300pm S.l. GaAs substrate 



Figure 6. (a) Piezoresistive Cantilever with Hall Probe and Pyramidal AFM Tip. (b) 
Epilayer Structure of the Cantilever. Reprinted From [37], 




frequeiKy (Hz) 

Figure 7. Noise Spectra of (a) the Piezoresistor and (b) the Hall Sensor at 300 K and 77 K. 
Dotted Lines Indicates the Johnson Noise Limits. Reprinted From [37]. 
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6. CONCLUSIONS 

The theory of scaling down Hall devices is described in section 3, 
whereas sections 4 and 5 summarize the development of micro-Hall 
sensors. A precise comparison of theory and experimental results from the 
literature is a difficult task, since the geometry, the material and the 
operating conditions of published devices vary form one author to the 
other. In our laboratory we study micro- Hall magnetic sensors made of 
silicon, InSb and III-V quantum wells at room temperature. From our 
experience, we can draw the following conclusions: 

1) The current related sensitivity remains constant when scaling 
down sensors made in the same material. In micro-Hall devices, 
due to overheating or to velocity saturation, one has to decrease 
the current linearly with the dimensions. This leads to a linear 
reduction of the absolute sensitivity, as predicted by the theory. 

2) The white noise is determined by the thermal noise and stays 
constant by scaling down, since the output resistance doesn’t 
vary. On the other hand, the 1/f-noise. This has important 
practical consequences. Methods like spinning current, used to 
suppress the 1/f-noise, have now to be developed at very high 
modulation frequencies (many MHz). 

3) The offset is increasing with scaling down, since the relative 
fabrication tolerances are increasing. 

For the non-stationary transport range, experimental data are missing. 
From the theory, the ballistic transport range could be promising from a 
noise point-of-view. 

In conclusion, scaling down a Hall sensor seems always to be leading 
to a degradation of its magnetic field resolution. On the other hand, such 
micro-devices open the way to applications where high spatial resolution 
is necessary like in scanning Hall probe microscopy. 



Appendix A 

CARRIER TRANSPORT IN SEMICONDUCTORS. 

A SUMMARY 

The velocity of charge carriers is an essential parameter in the Lorentz 
force (1) and therefore in the Hall effect. The average velocity of carriers 
is strongly related to the applied electric field and to the scattering 
processes in the material. We shall briefly review here the theory of the 
electron transport process in semiconductors underlying our discussion in 
section 3. More details on the subject can be found for example in [4]. 
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Stationary Transport 

In the stationary transport theory, it is assumed that carriers stay under 
given conditions (electric field, density of scattering centres, temperature) 
during enough time to reach steady-state distributions both in terms of 
momentum and energy. “Enough time” means - enough to make many 
collisions with scattering centres. In other words, it is assumed that the 
device is so long, that the drift velocity of carriers does not depend on the 
location in the device. Then the following two cases can occur: 

Linear drift range: At low electric field, the drift velocity is linearly 
related to the electric field by a constant mobility [3]. The mobility is 
dominantly determined by the scattering in the material, mainly due to 
acoustic phonons and ionized impurities. The bias current is linearly 
proportional with the electric field. Joule effects can appear at high 
current, increasing the lattice temperature in the device and modifying the 
mobility (overheating). 

Velocity saturation range: At higher electric fields, carriers cannot 
dissipate all the energy gained from the electric field. The corresponding 
temperature of the carriers becomes higher than that of the crystal lattice. 
Such charge carriers are called hot carriers. The relaxation time of hot 
carriers is shorter than that of “cold” carriers. This is particularly due to 
optical phonons scattering, which starts to play an important role. 
Therefore, the mobility decreases. At sufficiently high fields, the drift 
velocity tends to saturation and does not increase anymore with the 
electric field. Remember that we are still in the stationary transport 
regime; therefore the mean momentum as well as kinetic energy have 
reached their stationary values. 

Non-Stationary Transport (&2.4.4 of [1]) 

If a device is very small so that electrons experience just a few or even no 
collisions while passing a region with a high electric field - then electrons 
cannot settle in the steady state. Then we have non-stationary transport. 
The most important phenomena of non-stationary transport are velocity 
overshoot and ballistic transport [4]. 

Velocity overshoot means a swift temporary increase in the drift 
velocity of charge carriers well above the value of stationary saturation 
drift velocity. Velocity overshoot occurs during a very short period of 
time to electrons, which suddenly enter a high electric field region of a 
semiconductor device. For example, for electrons in GaAs, this happens 
after the first 0.1 ps or so in a field of 10 kV/cm at 300K. At these 
conditions, the mean distance that electrons travel before reaching a 
steady state is about 100 nm in GaAs and 10 nm in Si. In GaAs, the 
overshoot velocity may peak at a value 5 times higher than the stationary 
saturation velocity. 
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Briefly, velocity overshoot is a consequence of the difference in the 
momentum and energy relaxation times. It takes many collisions with 
phonons to reach the steady-state in energy distribution of electrons, while 
only few collisions are needed for the momentum to relax. And while the 
electron mean energy is still low, their mean transit time between 
collisions is that of “cold” electrons, i.e., still relatively long. 
Consequently, during the first few collisions in a region with very high 
electric field, the average “mobility” (if we may keep this notion) of 
electrons is similar as that in a low electric field. 

The term ballistic transport implies that an electron “flies” trough a 
region of a solid-state device without any collision, similarly as an 
electron flies between the two electrodes in a vacuum tube. This may 
occur in a solid-state device if the length of the region under consideration 
is (i) shorter than the mean free path between scatterings, but (ii) still 
much larger than the wavelength of electrons. Then we can treat electrons 
as little charged billiard bolls of a mass equal to the effective mass of 
electrons in the material under consideration. We call such electrons 
ballistic electrons. 

Let us estimate the length of a device in which we may have ballistic 
transport. Using (17), we calculate the distance / that an electron travels 
(without scattering) during the time t after leaving the source: 



/- 



1 q 

2 m* 



t^E 



(A.1) 



Here q and m* are the carrier charge and effective mass, respectively, and 
E is the driving electric field. On the other hand, the standard expression 
for the stationary carrier mobility is 



// = -^ < r > , (A.2) 

m * 

where <t > denotes the average carrier momentum relaxation time. We 
may now estimate the maximal value of the flight time without scattering t 
in (A.l) to be <r>. By replacing <t> from (A.2) in (A.l) we obtain an 
estimation for the maximal length of a ballistic solid-state device: 

T 1 2 W* 

L<-M E, (A.3) 

2 q 

This shows that ballistic transport is most probable in high-mobility 
materials. But note that we now use the notion of mobility merely as a 
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criterion forjudging if in a material we may find ballistic transport or not. 
Otherwise, the movement of ballistic electrons exposed to electric field is 
determined by their effective mass, not by mobility. 

As an example, let us take the usual value of the mobility of 2DEG at 
low temperatures: ju « 10^ cm^/Vs; the effective mass of electrons in InAs 
m* = 0.023 m, and the electric field E = V/cm = 1 V/pm. Then with 
(A.3) we calculate L » 6.5 pm. Therefore, under these conditions, a device 
will be predominantly ballistic if it is smaller than, say, 5 pm. 
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Abstract: The fabrication technology for Si-MEMS devices is mainly derived from 
the processes used for the realization of microelectronic devices. 
However, due to the specific demands for MEMS, there are special 
processes needed for MEMS devices. In this chapter, after reviewing 
general aspects of microtechnology some of the specific MEMS- 
processes will be discussed, e.g. bulk-micromachining, surface 
micromachining, DRIE and SOI-technology. 

Keywords: MEMS, microsystem technology. Si-technology, Si-micromachining 



1. INTRODUCTION 

The success of microelectronic is strongly related to fabrication aspects. 
Using advanced lithography processes and sophisticated physical and 
chemical methods for pattern transfer minimum feature size well below 0.25 
pm is achieved in today’s large scale production. The reduction of minimum 
feature size has improved the performance of the microelectronic devices 
(power consumption, driving voltage, delay time) and has increased the 
possible complexity (transistors per chip) while keeping costs per chip almost 
constant during the last decades. This is achieved by a “giant in one time 
concept” based on parallel pattern definition processes (e.g. billions of 
structures are defined with one lithography step) and batch processing of 
several wafers at one time (e.g. oxidation). 

Si-based MEMS, or more generally speaking, Si-based microsystems 
technology, is benefitting from the achievements in microtechnology. 
However, it is worth while keeping in mind also the differences between 
microelectronics and microsystems. First, the demands on miniaturization for 
microsystems are not as strong as for microelectronic devices. Especially in 
micromechanical devices (e.g. sensors) minimum feature sizes are often well 
above one micrometer. Even in monolithically integrated microsystems the 
corresponding microelectronic part does not demand for sub -micrometer 
features in most cases. Secondly, the degree of standardization and the 
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number of identical devices are for microsystems far less than in the case of 
microelectronics. Finally, microsystems have some very specific demands 
such as realization of free standing structures, specific materials with special 
properties and access of external media to the device (e.g. fluidics in 
pumping devices). To fulfill the special requirements of microsystems some 
special microtechnological processes have been developed which will be 
introduced in the next chapters. Additionally, it is important to notice that for 
microsystems not only the main device fabrication steps have to be 
considered. In many cases the packaging of the devices has a very large 
impact on cost definition and performance of the final devices. 



2. MICROFABRICATION TECHNOLOGY: OVERVIEW 

Both, the fabrication of microelectronic devices and microsystems can be 
described as the repeated sequence of the main process steps [1], [2]: 

- layer deposition 

- lithography 

- etching/pattem transfer 

The number of these sequences or cycles is depending on the device and 
ranges from more than 20 (microprocessors) down to less than four (simple 
micromechanical sensors without integration of electronics). Figure 1 shows 
parts of process flow charts (simplified) of a p-channel MOS transistor (left) 
and a of a membrane (e.g. for a micromechanical pump, right). 

For standard layer deposition techniques physical and chemical thin film 
deposition techniques such as PVD (physical vapour deposition: thermal 
evaporation and sputtering) and CVD (chemical vapour deposition) are used. 
The layers are deposited all over the wafer. Whereas in microelectronics 
typical layer thicknesses range from some nanometers to micrometers, some 
microsystems do require also thicker layers (e.g. 10 pm poly-Si in Bosch’s 
surface micromachined accelerometer). An overview about the most 
common deposition techniques is shown in Figure 2. Electroplating, even 
though mainly development for microsystem technology, is used also in 
microelectronic technology (Cu). 

The basic pattern definition is done by mask based lithography which 
allows a parallel transfer of the patterns on the mask to a certain area (chip or 
full wafer) either by projection (e.g. 5:1 optics) or proximity/contact (1:1) 
printing. For feature sizes well below 0.5 pm DUV-lithography using 
projections steppers is used. For larger feature sizes and lower volume 
production often found in the case of microsystems even the far more simpler 
and cheaper proximity printing might be still sufficient'. After exposure the 



* X-ray lithography which is used within the classical LIGA-Process is a special type of 
proximity printing allowing for high resolution and high aspect ratio. 
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patterns are developed (positive resist: exposed are developed, non-exposed 
areas stay, negative resist vice versa). Typical resist thickness is around 1 pm 
and less (for high resolution demands a thinner resist thickness will reduce 
the depth of focus problem), however, for special demands in microsystem 
fabrication very thick resists (> 50 pm) might be needed. In Figure 3 
schematic set-ups for contact/proximity printing (left) and projection 
lithography (centre) are shown. On the right hand side of Figure. 3 the main 
components of an optical stepper (UV) are shown. In a stepper the different 
step fields are printed one after another. Steppers are sophisticated, highly 
automated machines with a typical throughput of around 50 wafers/h. 

The resist patterns which are defined within the lithography process are 
transferred by an etch process into the layer underneath the structured resist.^ 
Used are either wet chemical or dry etch processes. Due to the isotropy of the 
process when etching polycrystalline or amorphous materials wet etching 
cannot be used for very small features sizes. Therefore, dry etch processes 
such as RIE (reactive ion etching) are predominately used in modem 
microelectronic processes. However, when etching crystalline materials such 
as c-Si, some special etchants will show a pronounced anisotropic etch rate 
which reflects the anisotropy of the material. In this case even the simpler 
and cheaper wet etch processes provide anisotropic etch profiles. Some 
typical etch profiles (cross sections) are shown in Figure 4. 



3. SPECIFIC TECHNOLOGY ASPECTS FOR MEMS 
3.1 Low Stress Deposition Techniques: 

Stress engineering 

The need to fabricate stmctures, which are free to move at least with one 
degree of freedom is one of the typical demands of microsystem technology. 
In respect to thin layer deposition techniques this demand is accomplished by 
deposition techniques, which provide low internal stress (less than 1 0* Pa) of 
the deposited materials. In general, the total stress should be in the tensile 
range to avoid buckling of the microstructures. 



^ This holds for subtractive process. In an additive structuring process such as 
electroplating, the layer will grow only in the areas defined by lithography. 
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Figure 1. Left: Schematic process flow chart for the realization of a p-channel MOS transistors 
(first steps only), right: fabrication sequence for the realization of a membrane 
(lithography steps not shown). 



Deposition techniques 




Figure 2. Classification of deposition processes. The processes on the right hand side are 
especially used during the fabrication of microsystems. 
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Figure 3. Principle set-up for contact/proximity printing (left) and projection lithography 
(centre). On the ride hand side the main components of an optical stepper are shown. 
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Figure 4. Typical etch profiles for dry etching. Wet etching provides in general isotropic 
profiles similar to the etch profile in the centre. 



Different approaehes are used to reduee the internal stress: 

Stress compensation 

Two layers with opposite stress (tensile and comprehensive) give together a 
low stress layer system. As an example silicon oxide and silicon nitride 
provide normally opposite internal stress. 

Another example of stress compensation has been shown for highly boron 
doped epitaxially grown Si which is normally under high tensile stress: by 
incorporation of Germanium the stress in the Si-layer is considerably reduced 
[ 3 ]. 

Stress reduction by changing deposition process 

Especially for LPCVD and PECVD deposition processes residual stress can 
be changed by deposition parameters such as deposition temperature and gas 
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flow. E.g. silicon-rich siliconnitride layers have lower stress than 
stochiometric siliconnitride fdms [4]. 

Stress reduction by annealing 

Due to the meta-stability of polycrystalline or amorphous layers post- 
deposition annealing processes will change the material properties and 
especially the stress situation. Predominant mechanism for stress reduction 
are the formation of a suitable grain size distributions by appropriate 
annealing cycles for a given deposition process of LPCVD polycrystalline 
films [5] and driving out hydrogen especially in the case of PECVD films. 



3.2 High Aspect Ratio Lithography 

To meet the requirements for High Aspect Ratio Microsystems (HARMS) 
special lithography techniques have been developed. For projection 
lithography (see part 2) the limiting factor is given by the depth of focus 
(DOF): 



DOF = ±0.3^, (1) 

NA^ ^ ’ 

where "k is the used wavelength and NA the numerical aperture of the used 
projection system. Therefore, taking into account that the minimum feature 
size is depending on A./NA, the DOF is typically in the order of 1 pm. To 
overcome this limitation two approaches of contact/proximity printing are 
used. 

X-ray lithography 

At a wavelength around nm even with reasonable proximities (distance 
between mask and wafer) a very good resolution can be obtained [6]. Using 
light sources with parallel x-ray radiation (synchrotrons) resist pattern with 
vertical sidewalls and resist thickness up to 100 pm can be generated. 
Therefore, x-ray lithography is the one of the essential process steps for 
FIGA (see part 7). Resist patterns printed by synchrotron x-ray lithography 
are shown in Figure 5. 

Special resists (SU-8) 

SU-8 is an epoxy-based resist designed specifically for ultra-thick, HARMS- 
type applications. This resist can be applied in a single-layer coating process 
at thicknesses of more than 500 pm. Aspect ratios of about 18 for near DUV 
have been achieved [7]. 
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Figure 5. Fligh resolution, vertical resist patterns defined by synchrotron based x-ray 

lithography. 



4. HIGH ASPECT RATIO WET ETCHING: 

BULK MICROMACHINING 

The availability of wet chemical etch processes which allow the 
anisotropic etching of crystalline silicon has been the basis for the realisation 
of MEMS devices in the last twenty years or so. 

Anisotropic etching is based on electrochemical etch processes provided 
by special etchants such as ethylene diamine pyrochatechol (EDP), potassium 
hydroxide (KOH) or tetramethyl ammonium hydroxide (TMAH). In all these 
etchants the {111} planes are far less etched than any other plane. The most 
important properties of these anisotropic etchants are summarized in Table 1 
[ 8 - 10 ]. 



Table 1. Etch Solutions for Anisotropic Etching of c-Si. 



Property /Etchant 


KOH 


EDP 


TMAH 


typical concentration 


30% 


4mol% 

Pyrocatechol 


2 weight percent 


Typical etching temperature 
(°C) 


80 


20 


80 


typical etch rate (pm/h) 


60 


35 


40 


Anisotropy 

(etchrate<ioo>/etchrate<i 1 1 >) 


50 


100 


50 


Masking layer 


Si3N4 


SiOz 


SiOz, Al, SisN4 


comments 


cheap, simple 
process 


May cause cancer 


Free of metal ions, can be 
used with Al 
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Anisotropic etching of c-Si provides a very cheap process for the 
fabrication of very reliable micromechanical structures (crystalline silicon is 
an almost perfect mechanical material [11]). However, as the anisotropy is 
determined by the crystallographic axes, special layout rules have to be 
considered as shown in Figure 6 for (lOO)-Si (left) and (llO)-Si (right). 
Whereas on (lOO)-Si the resulting structures have normally a V-groove shape 
(angle between {111} and (lOO): 54,74°), on {110} vertical sidewalls are 
possible. Unregular shapes (e.g. circles) will be regular after etching (e.g. 
rectangular). An example of a bulk micromachining process for the 
fabrication of a freestanding membrane has been already shown in Figure 1 
(right). Typically, bulk micromachining makes use of double side processing 
and needs therefore also special lithography equipment, which allows double 
side alignment (e.g. MA6, Suess). As a result, structure size density is rather 
low for bulk micromachining. However, till today most of Si-pressure 
sensors are fabricated with Si-bulk-micromachining. 
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Figure 6. Anisotropic wet etching of c-Si. Left: (100-Si), right: (llO)-Si. Top: {111} plane are 
indicated in grey, bottom: verticalyl etched line as linewidth calibration standards. 
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Very important demand in bulk-micromachining is the exact thickness 
control. E.g. for pressure sensors the sensitivity depends on the thickness d 
of the membrane as 1/d^. 

With simple time etching the final membrane thickness will depend on 
the starting wafer thickness and is therefore not well defined. Exact thick- 
ness control is possible when using p^^-Si: For doping concentration above 
10^° cm'^ boron doped Si provides a reasonable etch stop [12]. However, 
stress compensation by Ge is needed to get membranes with low internal 
stress (compare 3.1). An alternative is the electrochemical etch stop provided 
at a pn-junction with suitable bias voltage [13]. A schematic set-up for an 
electrochemical etch stop is shown in Figure 7 (left), a resulting structure is 
shown on the right hand side. The thickness of the beam -used for the reali- 
zation of a two-axes tilt sensor [14] - is defined by an electrochemical etch 
stop. Then the beam is etched out of the membrane by RIF. A silicon micro- 
phone fabricated with bulk micromachining is shown at the bottom of 
Figure 7 [15]. 





Figure 7. Top: Set-up for electrochemical etch stop (left) and structure defined by this 
method. The beam is clamped at two sides (the clamp to the seismic mass was removed for 
this picture). Bottom: Si-microphones produced by bulk micromachining. 



A disadvantage of bulk-micromachining is that it is not CMOS compati- 
ble as potassium contamination can cause considerable reduction in yield of 
microelectronic devices. Further on, after bulk etching special care is needed 
for handling the wafers. Patterning of already bulk-etched Si is not possible 
with standard lithography. 
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5. SURFACE MICROMACHINING 

Surface micromachining provides a CMOS compatible fabrication tech- 
nique for free-standing structures and allows a higher structure density than 
bulk-micromachining. The basic principles of surface micromachining have 
already been investigated in the 80s [16]. However, first commercial devices 
fabricated with surface micromachining appeared in the 90s [17]. 

The basic idea of surface micromachining is the sacrificial layer concept 
as shown in Figure 8. The functional layer which will define later movable 
part of the device is deposited on a pre-structured sacrificial layer. After 
appropriate structuring of the functional layer the sacrificial layer is removed 
in an isotropic etch process. The thicknesses of the used layers are mostly in 
the same range as standard thicknesses in a CMOS or BiCMOS processes. 
For etching fully CMOS compatible processes can be chosen. Due to the 
sacrificial layer, etching access to the etched area has to be provided by suit- 
able holes in the structure to ensure complete underetching of the structure. 
The mechanisms during sacrificial layer etching are shown in the bottom of 
Figure 8, on the right hand side, a typical layout for the etch holes is pre- 
sented. Main technology requirements of surface micromachining are low 
stress materials (compare 3.1), prevention of so-called sticking [18] (during 
rinsing process by capillary forces or during operation by physical adhesion) 
and selectivity of the used etch processes. 

Different combinations of sacrificial and functional materials are summa- 
rized in Table 2. 



Table 2. Combination of Functional and Sacrificial Layer Materials and Typical Thicknesses. 



Functional 
layer materia 


typ. thickness 
(pm) 


Sacrificial layer material 


typ. thickness 
(pm) 


Poly-Silicon 


(1-10) 


Phosphorous-silicatglass PSG 


(1-7) 






SiOz 


2 






porous silicon 


(1 - 30) 


SiOz 


2 


poly-Si 


2 


TiNi 


8 


Polyimid 


3 






Au 


2 


NiFe 


2 


A1 


7 


W 


3 


SiOz 


8 



Some examples of surface micromachined devices are shown in the bottom 
of Figure 8. On the left hand side a detail of Bosch’s surface micromachined 
accelerometer is shown. As can be seen a relative thick functional layer is 
used. The two other SEM pictures show a surface micromachined gyro. In 
the close-up a detail of the electrostatic actuator is shown. This structure 
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provides the primary vibration for the sensor, whieh is based on the Coriolis 
foree. The holes in the struetures are needed for saerifieial layer etehing, 
however, these holes will also reduee air damping. 




a b c 



transport of 




20 pm 



X 



□□□□□□ 

□□□□□□ 




Figure 8. Surface micromachining, top: Basic idea of sacrificial layer etching, centre 
left: processes involved for sacrificial layer etching, centre right: schematic layout of 
etch holes. Bottom left: detail of a surface micromachined accelerometer (left), a sur- 
face micromachined gyro (centre), and detail of the gyro structure (electrostatic actua- 
tion, right), with courtesy of Bosch GmbH, Reutlingen, Germany. 



More recently, sealing processes [19] have been used to realize commer- 
cial absolute pressure sensors with monolithical integrated electronics [20]. 

An increased layout flexibility and a better device performance have been 
provided since so-called DRIB (deep reactive ion etching) processes are 
available. With the “Bosch-process” [21] and with the so-called cryogenic- 
process [22] extremely high aspect ratio etching has become possible. With 
these dry etch techniques it is now possible to etch deeply into the c-Si 
which was before only possible by anisotropic etching (bulk- 
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micromachining). Another advantage is that with perfect vertical sidewalls 
simulated data can be met with a higher accuracy and that cross effects (e.g. 
torsional components in a bent beam) are negligible. 

In the Bosch-process a sidewall passivation is achieved by a cyclic 
switching between an etching (SFe) and a passivating (C4F8 ) gas. In the 
cryogenic-process at very low temperature a sidewall passivating SiOxFy, 
thickness: 10-20 nm, is formed which is at these low temperatures not 
etched by the F-containing radicals of the etching gas. 

A special surface micromachining process will be discussed in the next 
chapter: When using porous Si as sacrificial layer it is possible to fabricate 
very well defined c-Si free-standing structures in a surface micromachining 
process [23], thus combining the advantages of surface and bulk- 
micromachining . 



6. SOI TECHNOLOGY 

The use of SOI (Silicon On Isolator) technology can simplify the com- 
plexity of a fabrication process for free standing structures considerably. The 
reason is that the buried oxide layer provides an etch stop for both, front side 
etching (e.g. DRIB) and backside etching (e.g. anisotropic wet etching). Fur- 
ther on, an excellent isolation to the substrate by a high quality buried oxide 
between device layer (functional Si) and handle wafer is provided. Due to 
increased industrial use the prices for SOI-wafers have decreased drastically 
in the last view years. Additionally, a wide range of different thic kn esses 
(handle and device layer) and corresponding doping levels are available. 
Therefore, fabrication processes based on SOI offer interesting advantages, 
both, under economical and technological view points. Two different flow 
charts for the fabrication of freestanding structures using SOI-technology are 
shown in Figure 9 (top). On the left hand side a combination of bulk micro- 
machining and surface micromachining is used: A membrane is etched from 
the backside with the buried Si02 as etch stop layer. Finally, the exact shape 
of the freestanding structures is defined by DRIB from the front side and the 
remaining oxide layer might be removed. On the right hand side, only proc- 
essing from one side is used. However, in this case there are severe layout 
restrictions as it is not possible to structure the sacrificial layer (buried ox- 
ide) as simple as in a standard surface micromachining process. As can be 
seen, 1 -3 mask levels are sufficient to get excellent freestanding structures. 

In the bottom of Fig. 9 some application examples of SOI-technology are 
shown. On the left hand side, a bi-stable electrostatically driven fibre switch 
is shown. Bxtreme geometries can be realized reliably using SOI (minimum 
width of beams 2 pm, thickness 10 pm, length of freestanding beams up to 
800 pm), thus allowing a long range of travel (100 pm) during switching 
[24]. 
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In the centre, a fibre switch based on a moving mirror is shown [25]. In 
this case 75 jam deep grooves are etched into the device layer which provide 
the fibre alignment close to the mirror which will turn the light direction by 
90° when driven into the gap between input and output fibres. On the right 
hand side a tilt sensor is shown which is based on convection. The heating 
and temperature sensing structures are defined by SOI out of the device layer 
[26]. 



Different methods to fabrieate MEMS 
struetures 



SOI Wafer 

Device layer 
Buried Oxide 
Handle layer 

/ \ 

Bulk Micromachining and DRIE(BOSCH Process) on 

buried oxide etch from backside the device layer of SOI wafer 





DRIE(BOSCH Process) on 
the device layer of SOI wafer 




Buried oxide etch 





Figure 9. Top: Simplified process fiow charts for the fabrication of free-standing structures 
with SOI-wafers, top left: double side processing, top right: single side processing. Bot- 
tom: application examples. Left: bi-stable fibre switch, centre: fibre switch with electro- 
statically driven mirror, with courtesy of Prof. De Rooji, IMT, University of Neuchatel, 
right: inclinometer based on convection, with courtesy of Dr. Billat, HSG-IMIT. 



Even though a relative young teehnology it is expeeted that SOI- 
teehnology will have a large impaet on mierosystem fabrieation in the future. 
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7. LIGA 



LIGA (the German acronym for “Lithographic Galvanik Abformung” = 
Lithography, electroplating and molding) is a non-Si technology. However, 
it is shortly presented here to provide a complete overview of the different 
technology concepts for MEMS/microsystems. A schematic representation 
of the LIGA process is given in Figure 10. 



1. Lithography 
Exposure 





Sheavy meial 
absorber 

Mask substrale 

Resist (l*MMA) 
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Developed resist 
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3. Molding 
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Resist 



Metal 
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Casting plaie- 
r.lcctrode 



Figure 10. Schematic Process Flow of the LIGA Process. 



In the classical LIGA concept [27] x-ray lithography is used which pro- 
vides a large depth of focus and allows the definition of very thick resist 
patterns (up to 100 pm thick, step 1). In the following process step the resist 




Ulrich Mescheder 



269 



trenches are filled up by an electroplating process (e.g. Au or Ni, step 2). 
Therefore, this additive structuring process will define the negative metal 
structure of the resist pattern. The metal mold can than be used for a further 
plastic molding process (step 3). This plastic mold can be used as final prod- 
uct (using the metal form as master) or it can be used as mold for the second 
electroplating (step 4), providing a metal structure as final product or as copy 
of the master form. LIGA technology is especially suited for the production 
of simple microstructure elements with high aspect ratios. However, in its 
classical form it cannot provide microsystems. To overcome this limitation 
LIGA-based processes have been integrated into Si-technology. A further 
development is the replacement of the very expensive x-ray lithography step 
by conventional, but high aspect ratio lithography (s. UI.3.2). 



8. BONDING PROCESSES 

Besides the device fabrication itself the integration of MEMS into the 
macro world is one of the great challenges in MEMS technology. The first 
step of this integration is in many cases the bonding of the silicon wafer con- 
taining the microsystems to a cap or bottom wafer which might provide 
additional functions for the final device or may only serve as protection of 
the fragile MEMS device. 

There are a number of different methods available for bonding micro- 
machined silicon wafers together, or to other substrates, to form more com- 
plex devices. One of the most popular bonding techniques is anodic bonding 
[28]. Here, silicon is bonded to glass (pyrex). The silicon wafer and glass 
substrate are cleaned, pressed together and heated to a high temperature 
(200°-500°C). In a first step, a large voltage (typically several hundred volts) 
is applied, therefore driving Na-l- of the glass out of the contact zone and 
forming a depletion zone at the interface. This causes an extremely large 
electrical field at the depletion zone and thus a large electro static pressure 
(about 10 bar). Under this large pressure a strong, long-term stable chemical 
bond is formed between the two materials. Figure 1 1 shows a set-up of an 
anodic bonding apparatus. 

It is also possible to bond silicon wafers directly together using gentle 
pressure and high temperature (direct silicon bonding). 

Using thin films of Au or A1 between the bond partners (at least one of 
them Si) an eutectic bond can be formed due to the low melting point of the 
Au-Si or Al-Si alloys. As eutectic bonding needs temperatures, which are not 
compatible to already deposit metals (e.g. in the case of Al) a local bonding 
provided by laser can overcome this problem [29]. 

Other bonding methods include using an adhesive layer, such as a glass, or 
photoresist. Whilst anodic bonding and direct silicon bonding form very 
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strong joins they suffer from some disadvantages, ineluding the requirement 
that the surfaees to be joined are very flat and elean. 

Wafer bonding teehniques ean potentially be eombined with some of the 
basie mieromaehined struetures to form e.g. valves, pumps, ete. 



Nd:YAG 
1 064 nm 
cw or pulsed 




Figure 11. Left: Set-up for Anodic Bonding; Right: Laser Induced Eutectic Bonding. 



SUMMARY 

Modern Si-based MEMS teehnology makes use of the full range of proe- 
esses provided by the mieroeleetronie area. However, different very speeial 
proeesses are needed to meet the speeifie demands of MEMS/mierosystems. 
In the very first beginning, bulk-mieromaehining was the only ehoiee to 
fabrieate mierostruetures, whieh are free to move. Till to date bulk miero- 
maehining is used espeeially for the fabrieation of piezoresistive pressure 
sensors. However, even though bulk-mieromaehining is a relative simple 
teehnology it has distinetive disadvantage: the widely used KOH-etehing is 
not CMOS eompatible and the strueture density is rather low for bulk- 
mieomaehining. Surfaee mieromaehining has been developed as an impor- 
tant alternative. Today, most of the high volume produets sueh as aeeeler- 
ometers, gyros and digital miero mirror deviees are fabrieated with surfaee 
mieromaehining teehnology. 

A very promising development is the SOI-teehnology, whieh simplifies 
the fabrieation proeess and therefore ean reduee proeess eosts and inerease 
yield eonsiderably. 
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Chapter 9 

POROUS SILICON: TECHNOLOGY AND 
APPLICATIONS FOR MICROMACHINING AND 
MEMS 



Ulrich Mescheder 
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Robert Gerwig Platz 1, 78120 Furtwangen, Germany 

Abstract: Porous Si is formed out of single crystalline silicon in a CMOS- 
compatible electrochemical etch process. This material provides due to 
its nanoporous structure and high porosity several applications in micro- 
systems/MEMS. Applications of porous Si are found in optics (lumines- 
cence, electroluminescence, Bragg-filters), sensing (humidity, gas sens- 
ing), chemical reactions (reformers and fuel cells) and microfabrication 
(sacrificial layer, 3D structuring). Results of research work in our labo- 
ratory are presented together with a review of most relevant results of 
other groups. 

Keywords: Porous Silicon, multifunctional material, MEMS, microsystem 
technology, Si-technology, Si-micromachining, humidity sensor 



1. INTRODUCTION 

A lot of attentions has been turned to porous Si sinee the late 80s and be- 
ginning 90s of the 20* eentury when photolumineseenee [1] and eleetrolu- 
mineseenee [2] was observed at this material. A review over the tremendous 
published work is given in [3]. However, in the last few years porous silieon 
has been reeognized also as an interesting material in different MEMS 
applieations. 

As diseussed in the previous ehapter, a key step in the fabrieation proeess 
of most mierosystems/MEMS deviees is the realization of freestanding strue- 
tures sueh as beams (aeeelerometers, gyros) or plates (pressure sensors, 
pumps). Bulk mieromaehining and surfaee mieromaehining ean be used for 
this purpose. The main advantage of bulk mieromaehining is the faet that the 
resulting funetional struetures are erystalline. Espeeially in mieromeehanieal 
applieations this provides for almost perfeet material properties (exeellent 
reliability, no fatiguing, high quality faetor). However, due to the higher 
layout flexibility and better eompatibility to standard CMOS proeessing 
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surface micromachining is used for the fabrication of most of today’s com- 
mercial microsystems/MEMS. In this chapter an alternative surface micro- 
machining process, which allows the fabrication of freestanding crystalline 
structures with well-defined thickness down to the sub-pm range is pre- 
sented. This process makes use of porous Si produced in an electrochemical 
anodization process as sacrificial layer. Another process discussed in the 
previous chapter is LIGA, a non-Si technology which provides a replication 
process e.g. for plastic micro parts. However, LIGA is limited to structures 
with vertical sidewalls. The use of an electrochemical pore formation proc- 
ess in which crystalline Si is transformed to porous Si provides an etch proc- 
ess with adjustable anisotropy factor Af. The resulting shapes can be used as 
forms for micro-moulding or micro-stamping. Therefore, both mentioned 
processes are based on the use of porous Si as structural material during the 
fabrication process. 

Microsystems are defined as miniaturized multifunctional systems in 
which electrical and non-electrical functions are integrated in one system. 
Non-electrical functions are e.g. out of the areas mechanics, optics, chemis- 
try or biology/medicine. Therefore, materials are needed which provide these 
different functions. An important drawback of system multifunctionality is 
the increased complexity of the related fabrication processes. Keeping fabri- 
cation complexity as low as possible while still achieving high system com- 
plexity demands for the use of intelligent materials or multifunctional mate- 
rials, which take over different tasks in a microsystems. Porous Si is an ex- 
ample of such a multifunctional material. 



2. POROUS SI: STRUCTURE, PROPERTIES 
AND EABRICATION ASPECTS 

In most cases porous Si has a sponge like structure with a c-Si skeleton 
and pores’ sizes ranging from nanometer to micrometer, depending of the 
process parameters used [4]. The material is classified in 3 three groups: 
microporous (pore sizes less than 2 nm), mesoporous (2-50 nm) and macro- 
porous (pore size > 50 nm). However, also channel like structures can be 
generated, especially in light assisted processing techniques [5]. High- 
resolution methods are needed to investigate the structure of the material. In 
Figure I, high-resolution TEM (transmission electron microscopy) and AFM 
(atomic force microscopy) pictures are shown. In the TEM, the sponge like 
structure with pronounced channels is clearly resolved (top left), at a higher 
resolution the ellipsoidal pores (2nm/10 nm) are observably. AFM is a sur- 
face characterisation method. As discussed in [6] TEM provides a very local 
insight view of the pore form and distribution, whereas AFM is suitable for 
the quantitative characterization (e.g. RMS -root mean square-values) of 
relative large areas of surfaces or interfaces. AFM measurements turned out 
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to depend eritieally on surfaee treatment and measuring eonditions. Contaet 
mode provides best resolution but ean damage the surfaee. On the other hand 
non-eontaet or tapping mode are more suitable for fragile surfaees, however 
measuring eonditions like pre-load and sean rate ean influenee the results. 
Therefore, it is important to elarify the situation by inspeetion of the inter- 
faee between porous Si and e-Si after removing the porous Si layer. The 
AFM pietures in Figure 1 (bottom) were taken at surfaees of two different 
porous Si layers. In this ease RMS values of 1.5 nm and 120 nm refleets well 
the mieroporous and mesoporous strueture of the investigated materials as 
has been eheeked by measurements of the eorresponding interfaees to e-Si 
[6]. However, the higher RMS value of 120 nm is only a rough estimation to 
the real porous strueture, as superposing maerostruetures are often observed 
whieh might be better eharaeterized by the fraetal dimension of the surfaee. 







Mieroporous Si Mesoporous Si 

FigureLTo^'. TEM (left) and HRTEM (right) image of the mesoporous-crystalline Si inter- 
face; bottom: AFM surface images of a mieroporous (left) and a mesoporous (right) [6]. 



The porosity P of the material is defined as relation of the volume of 
voids devided by the total volume and ean be determined by measuring the 
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weight of a sample at different stages during the fabrieation proeess using 
eq. (1): 



Volume{voids) _ rnass^jgjn 
Volume(material) (mass„igi„ 



( 1 ) 



Here masSodgin is the starting mass, manodized the mass after anodization and 
^dissolved the mass after dissolving porous Si seleetively to e-Si (e.g. in a 
weakly eoneentrated KOH). Typieal values for the porosity are between 50 - 
80 %. 

Many material properties ean be tailored over a wide range by the pore 
formation proeess and thus by the pore size and shape. For MEMS, the most 
important properties of porous silieon are: low thermal eonduetivity (down 
to 1 W/ (m K) [7]), yield strength from 83 GPa at 20 % porosity to 0.87 GPa 
at 90 % porosity (erystalline Si: 160 GPa) [8]. Additionally, impedanee and 
permittivity is heavily ehanged by humidity and the refraetive index (n = 1.5 
- 3.0) and band gap (1.4 - 2.0 eV) is tunable for optieal and biologieal ap- 
plieations. 

Porous Si is formed by an anodization proeess, usually in a mixture of 
HF/ethanol/H20 either in a double eell with eleetrolytieal baekside eontaet 
(allowing additional baekside illumination of the wafer during the formation 
proeess) or in a single eell arrangement with solid baekside eontaet. The 
strueture of the porous layer, its pore size and porosity, whieh strongly in- 
fluenee the above mentioned material properties, are eontrolled by the ano- 
dization parameters, espeeially the eurrent density, as well as by the doping 
type and doping level quality of the Si erystal. Typieal values are 2-20 nm 
and 50-80 % for the pore size and porosity, respeetively. For a flexible 
ehoiee of the eurrent density as the most eritieal proeess parameter it is fa- 
vourable to use a PC eontrolled programmable eurrent souree allowing de- 
operation with pre-seleeted steps of eurrent density during the formation 
proeess or ae-like operation (e.g. eontinuous switehing between low and 
high eurrent density). This allows the formation of multilayers with different 
porosity, whieh is of erueial importanee in the formation of optieal elements 
(e.g. filters, refleetors, waveguides). A typieal set-up for a two eells ar- 
rangement is shown in Figure 2. Suitable masking layers, whieh will pro- 
hibit anodization of e-Si are Si 3 N 4 , Au or Pt. 

It should be noted that pore formation is found only in a eertain range of 
HF-eoneentration, eurrent density and doping eoneentration. Generally, pore 
formation is favoured at low eurrent densities (10 mA/em^) and high HF 
eoneentration (25% H 2 O, 50 % ethanol and 25 % HF) whereas at high eur- 
rent densities and low HF eoneentration eleetropolishing is observed [9]. In a 
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medium range of doping n-Si is stable in the anodization proeess (without 
additional light) while p-Si is transformed to porous Si. 

Rinsing after porous silieon formation is a very eritieal proeess step espe- 
eially for thiek porous Si fdms beeause eraeks ean oeeur in the formed po- 
rous Si layer thus damaging the fragile layer. Good results have been ob- 
tained with solvents, whieh reduee the surfaee tension sueh as penthane or 
ethanol. However, the stability of the formed porous silieon ean be also in- 
ereased by a suitable ehoiee of the eurrent density. Espeeially a two step 
proeess with very low eurrent density at the beginning of the pore formation 
or a proeess periodieally switehing between high and low eurrent (e.g. 2 min 
at 5 mA/em^, 1 min at 15 mA/em^) will result in very reliable porous layers. 




Figure 2. Two-cells arrangement for anodization of crystalline silicon. The Si-wafer is 
separating the two cells. Therefore, the electrolyte on the left-hand side of the wafer is 
forming the anode. Special care is needed to avoid any leakage current so that the 
whole current is flowing uniformly through the wafer. 



3. POROUS SI AS STRUCTURAL MATERIAL 
FOR MICROMACHINING 

Surface micromachining using porous Si as sacrifical layer 

This process is based on the dependence of porous Si formation on the 
doping concentration in a standard anodization process. The finally free- 
standing structures are defined by low doped n-Si regions in the p-substrate. 
The main idea of this special surface micromachining process is that porous 
Si is formed in p-Si whereas low doped n-Si is stable. Due to its porous 
structure the formed porous Si can be removed selectively in respect to c-Si. 
Different authors have used this approach for the fabrication of c-Si free- 
standing structures [10], [11]. Here, an approach for definition of well- 
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defined and thin e-Si free-standing struetures is shown [12], As n-Si within a 
eertain doping eoneentration range is stable during the anodization proeess 
whereas p-Si is transformed at a high rate to porous Si, it is possible to de- 
fine free-standing n-Si-struetures by an exaet eontrol of the doping eoneen- 
tration in n-Si. For this purpose, ion implantation is used to define n-doped 
islands in the p-Si substrate as shown in Figure 3. 
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Figure 3. Principle of a surface micromachining process using porous Silicon as sacri- 
ficial material for the fabrication of free-standing crystalline Si structures. The struc- 
ture thickness is defined by the doping profile and the etch stop concentrations N„i and 
Nil. Without masking layer also anodization of the highly doped n-Si surface occurs, 
resulting in a very thin structure whereas for a protected n-Si surface anodization takes 
place only from the bottom of the n-doped tub [12]. 

In the top part of Figure 3 a typieal doping profile is shown. For n-Si two 
eteh stop eoneentration are found (Nuf upper eteh stop eoneentration, Nu: 
lower eteh stop eoneentration). In between these eoneentration n-Si is stable 
during the anodization proeess. The final thiekness (indieated by the arrows) 
is either given by the z-differenee of this eteh stop eoneentrations (without 
Si 3 N 4 masking layer) or by the depth of the lower eteh stop eoneentration (in 
the ease of a Si 3 N 4 masking layer). This effeet ean be used to define the re- 
sulting thiekness of the free-standing strueture exaetly: Without a masking 
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layer on the n-Si, a limited anodization of the n-Si is found at the surfaee 
(very large doping eoneentration) and at the interfaee to p-Si (very low dop- 
ing eoneentration near the pn-junetion). A Si 3 N 4 masking layer (Figure 3, 
bottom right) will prevent the anodization of the n-Si at the surfaee. Using 
these prineiple ideas and ion implantation to define the n-islands, exeellent 
thiekness eontrol for free-standing struetures is possible as shown in 
Figure 4. As ean be seen on the right hand side of Figure 4, the lower and 
upper eteh stop eoneentration do not depend on the junetion depth. There- 
fore, it is possible to define the final thiekness of the freestanding struetures 
simply by shifting the pn-junetion to a eertain depth (by implantation energy, 
anneal time and temperature). As a result a linear dependenee of final strue- 
ture thiekness (stable n-Si) on the junetion depth is observed (Figure 4, 
right). The preeision ean be eharaeterized by a standard deviation of 63 nm, 
ineluding measurement aeeuraey. 

Therefore, this proeess provides an aeeurate definition of free-standing, 
monoerystalline struetures out of low doped n-Si. Some examples of free- 
standing struetures are shown in Figure 4 (bottom). 
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Figure 4. Top left: Etch stop concentration as a function of junction depth Xj. Final thickness 
of the n-doped crystalline Si structure (top right) and some examples of free-standing struc- 
tures formed with this process (bottom) [12]. 



Fabrication of micromoulds by adjustable anisotropy factor 

The anodization rate of the pore formation proeess depends on the used 
eurrent density. By loeal adjustment of the eurrent density it is possible to 
ehange the resulting thiekness of the porous Si layer loeally, i.e. the eleetro- 
ehemieal anodization proeess provides the possibility to adjust the anisot- 
ropy faetor of this proeess. Basieally, this proeess is based on the idea of a 
eurrent eoneentration effeet [13], [14]. Making use of the dependenee of the 
anodization rate on eurrent density, the eleetroehemieal anodization of sili- 
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con can be used for 3D-structuring of crystalline Si and the fabrication of Si 
based micromoulds. These molds can be used for molding of plastic. The 
corresponding process is based on the selective pore formation in p-Si in a 
HF/ethanol/water mixture as already described in the section 2. Using a 
structured masking layer such as silicon-nitride and a highly doped p^-Si 
layer as back electrode of the wafer, the current density provided through the 
back electrode into the p-Si wafer can be adjusted locally by the size and the 
areal density of the holes in the insulating silicon-nitride layer on the top side 
of the wafer (Figure 5). After removal of the produced porous Si in weakly 
concentrated KOH a mold out of the remaining crystalline p-Si is resolved. 
In a more sophisticated approach, a further control of the current density is 
possible by a structured backside contact. The layout in Figure 5 is only a 
schematic representation of the 2D-hole pattern needed for the final 3D- 
profile. The local current density is mainly determined by the size and the 
areal density of the masking patterns in the neighborhood of a specific open- 
ing. An additional adjustment of the current density and thus the local anodi- 
zation rate is achieved by local doping of the backside. By switching the 
current density at the end of the anodization process to values well above 
100 mA/cm^, the final interface between porous Si and the p-Si substrate can 
be electropolished [15] already during the anodization process [16], [17]. 



tune dependance of anodeabon front 





Figure 5. Principle idea of 3D- structuring through a 2D- mask by making use of the 
current concentration effect during the anodization of crystalline Si. 

To investigate the fundamental dependence of anodization depth on lay- 
out a simulation model has been developed. Smith et al. [9] have shown that 
the electrolyte/Si interface can be modelled in a first approximation as 
Schottky contact and that the porous Si formation process is controlled by 
the anodization current. Therefore, we have used the device simulator TMA 
MEDICI (version 4.0) to investigate the layout dependence of the current 
density. Some typical simulation results are shown in Figure 6. On the right 
hand side, the current concentration effect is shown for a single opening. A 
current redistribution is found when many openings are used. Figure 6 (top 
right) shows as example the situation for two openings. One opening is 50 
pm wide, the other 100 pm, the gap in between was chosen as 100 pm. The 
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current concentration effect is seen as higher current density in the smaller 
opening. As can be seen, pronounced current concentration effects have to 
be considered at the edges of the openings. A possibility to solve this prob- 
lem is to define additional opening in the back-side of the wafer. With a 
proper set of geometries the edge effect can be considerably reduced. 

Experimental results for the anodization depth (corresponding to the 
depth of the mould after removing the porous Si) are shown on bottom of 
Figure 6. Here the normalized anodization depth is shown as function of the 
width of openings. The depth was measured in the centre of an opening. 
Therefore, the edge effect will not disturb the results. Different depth from 6 
pm to 32 pm have been used. The openings were well separated to each 
other. It should be noted that the current concentration effect is increasing 
with decreasing width of the structures. 
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Figure 6. Top: Medici-simulation of the current concentration effect. Top left: single hole, top 
right: two holes (50 pm and 100 pm wide) in a distance of 100 pm, besides the current con- 
centration effect (larger current density in the centre of the structure increases with decreasing 
feature size) a pronounced edge effect is observed. Bottom: experimental results, left: normal- 
ized etch depth as function of opening size, right: PMMA structure replicated out of a Si- 
mould. 
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However, reliable measurements of deep and narrow holes are diffieult. 
Therefore, this results were not eonsidered in Figure 6. The ehanges of eteh 
rate eorrespond to a ehange of the anisotropy faetor Af = 0 - 0.7. Therefore, 
a standard 2D-pattem definition proeess with mask based lithography and 
etehing of the masking silieon-nitride ean be used for strueturing of eompli- 
eated 3D-profiles. These 3D-struetures in silieon ean be used as molds for a 
transfer proeess into plastie using e.g. injeetion molding. As an example, a 
PMMA strueture in shown in Figure 6, which was replicated out of a Si- 
mould. The diameter of the shown structure is around 1 mm. As can be seen, 
this technique can be used for complicated surfaces like aspheric lenses. 



4. POROUS SI AS MULTIFUNCTIONAL MATERIAL 
4.1 Application in Optics 

As already mentioned photo- and electroluminescence was among the 
first properties, which have made porous Si interesting for R&D investiga- 
tions. However, after first enthusiastic approaches of “all-in-Si- 
optoelectronics” the extremely low efficiency of light emitting devices 
(quantum efficiency < 0,1%) has prohibited commercialization of such de- 
vices. In the meantime, other properties have become more interesting: Be- 
ing the porous layer a mixture of two phases (crystalline Si skeleton and 
void) the effective refractive index of the layer can be adjusted by selecting 
appropriate porosity. A large variety of optical elements can be formed by 
controlled single or multi-step etching process. An example is the applica- 
tion of porous Si as antirefiective coating on multi-crystalline Si solar cells. 
Layers with the ideal parameters (refractive index of 1.94 at A, = 633 nm and 
thickness of 74 nm) can be formed by partial etching of the emitter as a final 
step in the solar cell processing [18]. Another example of an optical applica- 
tion is the realization of Bragg filters by multilayers of porous Si, each layer 
with a different porousity [19]. Examples of such multilayer optical filters or 
Bragg-reflectors are shown in Figure 7 [20]. By an appropriate choice of the 
layer thickness and refractive index, the reflectivity can be turned to almost 
1 00 % in a certain wavelength range (left) or a special wavelength is filtered 
out of the reflected spectrum (right). 
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Figure 7. Example of optoelectronic applications of porous Silicon as Bragg-reflector 
(left) or Fabry-Perot-filter, out of [20], 



4.2 Application in Sensors 

Due to its extremely high inner surfaee (1 em^ eorresponds to about 250- 
400 m^), porous Si ean be used as sensitive material for different types of 
measurands. Several groups have realized humidity sensors based on porous 
Si [21-27]. In prineiple resistive or eapaeitive effeets ean be utilized for 
measuring the take up of humidity in the porous layer. Besides optimization 
of pore size and porosity in respeet to sensitivity and dynamies of sueh sen- 
sors, reliable eontaets on porous Si are essential for sueh sensors. In a new 
approaeh [27] the eleetrodes to porous Si are realized via n-doped islands in 
p-doped Si, whieh is later transformed to porous Si. This eontaet eoneept 
allows for the realization of interdigitated eleetrodes embedded in the porous 
layer. Another advantage of this set-up is that additional heating elements 
ean be integrated in the sensing material too. As humidity sensors normally 
need heating for refresh and porous Si has a very low thermal eonduetivity, 
this approaeh ensures low power eonsumption. 

In Figure 8, SEM-photos of humidity sensors using porous Si are shown 
[27]. Heater elements ean be plaeed direetly within the interdigitated elee- 
trodes on the porous Si or on the outer frame around the sensing area. As 
expeeted the sensor shows an extremely large sensitivity as ean be seen in a 
semi-logarithmie seale (relative ehange of eapaeitanee of 5000 %). Hystere- 
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sis often found in humidity sensors ean be avoided by suitable heating of the 
sensor prior to measurement. 

In the eross seetion of Figure 8 needle type areas beneath the eleetrodes 
are observed. This needles (remaining e-Si) are eaused by eurrent shorteut 
whieh will stop a sueh a point any anodization of porous Si. A bonded sensor 
is shown in Figure 9. For hysteresis free operation it is important to use 
proper heating and refresh proeedures during measurements. Good results 
have been obtained with short (20 s) heating pulses (120 mW) just before 
eaeh measurement. 

Combining the use of porous Si as struetural and funetional material also 
new types of highly integrated sensor systems are possible sueh as eomfort 
index sensors, whieh ean be used e.g. in automotive applieations (air eondi- 
tioning systems in ears) or health monitoring in material seienee. 

Several other types of sensors using porous Si have been presented in the 
last years. Very interesting applieations of porous Si have been shown for 
biosensors. Both, immobilization of various biomoleeules [28] and sensing 
of bioehemieal reaetions have been shown using porous Si. Combining dif- 
ferent properties of porous Si, a biosensor with an optieal read-out has been 
realized [29]. 

Also ehemieal sensors based on porous Silieon have been investigated. In 
[30], a eatalytie oxidation reaetion for H 2 has been shown with Pd-doped 
porous Si. Sueh reaetions ean be also used for fuel eells, whieh are diseussed 
in the next seetion. 



4.3 Application in Fuel Cells 

A very new applieation is the use of porous Si for fuel eells. First results 
were published in 2002 and 2003. Porous Si ean help to aehieve eompaet 
and high effieient energy supply e.g. for laptops and other mobile eleetronie 
equipment or for auxiliary power supply in automotive applieations. 

Porous Si ean take up different tasks in a fuel eell: Konle et al. [31] have 
used porous Si in a miero-steam fuel reformer, whieh is part of a whole fuel 
eell system. The reformer is made out of maeroporous Si and transfers gaso- 
line into H 2 , whieh is than used in a standard fuel eell. A porous Si reformer 
ean help to overeome a temperature limitation: The main problem of using 
gasoline for fuel eell supply is the high reaetion temperature needed for the 
H 2 -eonversion: At around 800 °C, eommonly used eatalyst templates like 
aluminum or tempered steel are not suitable. Therefore, a reformer built up 
by a staek of miero porous Si has been developed. The whole system, a pro- 
totype of the reformer and so-ealled shower-head strueture of porous Si pre- 
pared with pre -patterned KOH-pits are shown in Figure 10. 
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Figure 8. Capacative humidity sensor with porous Silicon as sensitive material [27], Top 
left: Normalised capacitance as function of humidity (semi-logarithmic scale, right: Layout 
of interdigitated electrodes and heater geometry (either outside the sensitive area or within 
the interdigitated electrodes. Bottom left: SEM-details of the sensor. Both electrodes are 
formed on the porous layer (top) or one is formed on the substrate to increase reliability 
(bottom). 




Figure 9. Capacative humidity sensor based on porous Si. The interdigitated sensor 
electrodes cover the central part. Additional wire connections are provided for the heater. 
The sensor chip is glued to a bridge type substrate to reduce thermal conductivity to the 
frame. 
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Figure 10. Operation fuel cells with diesel or gasoline, reformers are needed. Left: set-up of 
such a system, centre: reformer prototype made out of porous Si, right: ordered micro-pores 
by a pre-patteming KOH etch step prior to the pore formation, out of [3 1]. 

As mentioned in the previous seetion, porous Si ean be used as a solid 
state based eleetrolytie material in a fuel eell. Neah power systems has just 
announeed a fuel eell based on porous Si [32]. Exehanging the polymer in a 
PEM-based fuel eell by porous Si they elaim a tremendous inerease of 
power density in their new fuel eell. Some features of this fuel eell are 
shown in Figure 11. The whole wafer is anodized and used as eleetrolyte 
(left) instead of a only 10 pm thiek polymer membrane in a standard PEM. 
Porous Silieon has a honeyeomb-like strueture, the pores are deposited with 
a eatalytie material (right). In the real system, the pores are filled with a 
liquid eleetrolyte - similar to water being absorbed into a sponge. This al- 
lows for higher levels of exposure of fuel, oxygen, and eatalyst. 




Figure 11. New approach for a porous Si based fuel cell, out of [32]. 
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Abstract: The mathematical models and methods for thermal analysis of two 
typical constructions of microelectronics systems have been presented 
in this chapter. The 3D thermal model of hybrid circuits in the form of 
multilayer structure with flat and add-on heat sources have been 
developed. The combination of numerical and analytical methods for 
investigation of this model has been used which allows to solve both the 
steady-state and transient thermal problems simultaneously. The 
mathematical models of the steady-state and transient heat exchange 
processes in the flip-chip structures, based on the analytical solution of 
the conjugate transient heat exchange problem for the die and substrate 
have been described. The appropriate software in the form of CAD tools 
have been developed which was tested by solving of several test 
problems. The estimation of accuracy and efficiency of developed 
models have been done by comparison with the results obtained by 
another authors with use of numerical methods. These comparisons 
show some advantages of analytical approach, namely considerably less 
computational cost, no influence of discretization errors and possibility 
to enlarge the sphere of thermal design problems. 

Keywords: multichip modules, hybrid circuits, flip-chip, thermal resistance, steady- 
state and transient thermal problems, Fourier series. 



1. INTRODUCTION 

In general proeess of designing of mieroeleefronies systems (MBS) 
eonsiderable attention should be paid to the thermal design of those, beeause 
it is one of the limitations how small and dense eleetronies ean be produeed. 
Thermal design is the proeess by whieh engineers use simulation software 
tools to prediet and uneover potential thermally assoeiated risk areas and to 
obtain desirable and eorreet solution as fast as possible in the produet design 
eyele. The ultimate goal of these efforts is to provide the optimal design that 
meet design requirements and reliability qualifieations. 
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Many tools exist to help thermal design user during this proeess [1], 
However, on the one hand, some of them are too universal, that is, are not 
speeifieally developed for applieation in the mieroeleetronies, on the other 
hand, some of them are partieular speeial-purpose and ean be only used to 
solve of narrow range of problems. So, thermal design engineers have been 
still experieneed some diffieulties. One of the main reasons for this is the 
enormous variety of sorts of MBS differing by paekage types, kinds of heat 
exehange, ways of ehip settings to earrier, quantity of pins ete. 



2. REVIEW OF MES 

Here we just intend to present some eommon results of the analysis of the 
MES strueture types and features of their thermal regimes. The different 
types of ehips settings to earrier are shown in Figure 1. 

MES's ean have a eavity up eonfiguration or a eavity down eonfiguration. 
Some struetures use speeial methods of heat souree attaeh whieh deerease 
the thermal resistanee of junetion and heat sink for inereasing the heat flow 
from the IC ehip through ehip earners and seal lid to ambient. 




Figure 1. Heat Removal Depends on the Chip Bonding. 



The strueture of multiehip modules with seal lid and heat sink attaeh is 
shown on Figure 2. The heat flow paths for the strueture are shown on 
Figure 3. 




i?yiSSSiiSSSSSSSS^^ 



Figure 2. Multichip Modules with Bilateral Attach of IC Chips and Seal Lid. 
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Heat Sink IC Chips 
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Figure 3. Heat Flow Paths in Multichip Modules. 



The analysis of the MCM's strueture types and the heat exehange proeess 
allows to distinguish three kinds of heat exehange: eonduetion, eonveetion 
and heat radiation. From IC ehip to substrate the heat is removed by 
eonduetion. From the substrate heat is removed by eonduetion to pins and to 
PC board. Parallel heat flow is through eonduetion to seal lid and to the 
ambient from the paekage by eonveetion and radiation. In this artiele the 
heat transfer arising from the radiation - beeause in the examined 
temperature range it has no signifieant eontribution - is negleeted. 

There are kinds of MCM's strueture, in whieh the heat exehange is 
realized both from the bottom to the heat sink and from the upper seal lid to 
the heat sink by eonduetion and eonveetion. The input data for thermal field 
simulation have to inelude: the values of ehip power dissipation; the 
geometrieal parameters; the thermal-physieal parameters of strueture ’s 
materials. For the analysis of thermal fields in MCM's one has to take into 
aeeount the heat exehange through pins to PC board and from the paekage 
through seal lid to environment. The values of heat transfers through eaeh 
element of a strueture are eorrelated among them and depend on the thermal 
eonduetivity and thiekness of the substrate, type of attaeh, number of pins 
and their position, size of seal lid. For example, if the thermal eonduetivity 
eoeffieient of the substrate and paekage is small then the heat flow value 
through the pins will be large. Therefore we have to take into aeeount every 
kind of thermal removal in the proeess of the thermal model ereating [2]. 



3. THERMAL DESIGN PROBLEMS 

Thermal design ineludes two interrelated tasks: 

> analysis of the systems design under the influenee of temperature field; 

> synthesis of systems under the influenee of temperature field. 

The analysis of design solutions requires the modeling and investigation 
of the temperature fields of systems and their influenee on funetional 
parameter. The synthesis of design solutions requires optimum funetional 
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and construction parameters, which provide certain distribution of 
temperature fields within a systems [3]. 

The thermal simulation problem includes the following tasks: 

> analysis of steady-state temperature fields; 

> analysis of transient temperature fields; 

> analysis of electronic circuits being influenced by temperature fields; 

> analysis of electronics circuits being under external thermal influences; 

> analysis of stability and sensitivity of functional parameters under the 
influence of temperature fields; 

> statistical analysis of temperature fields; 

> simulation of electronic system reliability under the influence of existing 
temperature fields. 

The methodology for thermal simulation includes these steps: 

> qualitative analysis of electrical circuit, structure and environment of the 
electronic system; 

> development of a thermal model of the system; 

> formalization of mathematical model of temperature field with initial and 
boundary conditions; 

> development or selection of the analysis method for a mathematical 
model of temperature fields; 

> software development; 

> the temperature field simulation and analysis. 

4. THERMAL SIMULATION OF HYBRID CIRCUITS 

Formalization of the problem of the MES’s thermal field simulation is 
based on the description of the thermal conduction process in the general 
thermal model (Figure 4) within the assumptions about the heat exchange 
with the environment by the system of initial and boundary conditions. is 
the model dimension along X axis; By is the model dimension along Y axis; 
Xc is the heat source center coordinate along X axis; Yc is the heat source 
center coordinate along axis; is the dimension of the heat source element 
along X axis; by is the dimension of the heat source element along Y axis; hj 
is the j-th layer thickness; Ty is the j-th layer thermal conductivity coefficient; 
Cj is the y-th layer specific heat; pj is the y-th layer specific density). 

The fundamental principle of the proposed solution method is based on 
the decomposition of the original problem into a series of subproblems, 
which allow to obtain analytical solutions at the lowest level and then 
combination of these solutions into a general one by using the numerical 
approach. 

To formalize the boundary conditions of various types we introduce them 
in the following form [4]: 
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0[1,S]^T; 0[2,S]^f^ (4.1) 

o S 

0[3,S]^l^ + as(T-TJ, (4.2) 

where 1, 2, 3 are denote of boundary eonditions types; S is the value of 
eoordinates, S e (x, y, z) ; T is the temperature; A, is the thermal 

eonduetivity eoeffieient; is the eonveetive heat transfer eoeffieient; 7), is 
the ambient temperature. 




Figure 4. General Model of the MES’s Structure. 



4.1 Mathematical Description of Thermal Model 

Mathematieally, the proeess of transient thermal eonduetanee ean be 
deseribed by the Fourier differential equation for the y-th layer: 



CjPj- 






(j) 






d t 



■ = 1 






2t^G) A 



d 



- + - 



d y 



d"T 



(4.3) 



The initial eondition has the form: 



T(x,y,z,0)-T^(x,y,z) (4.4) 

To obtain unique solution for the entire strueture, the partieular solutions 
per layer are eombined into a general solution by using the boundary 
eonditions for the adjaeent layer for T(x,y,z) and flows 
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(x, y, Zj , t) - (x, y, Zj , t) 
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^ d z 






ex 



(j+i) 
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d z 



(4.5) 

(4.6) 



4.2 Solution of the Thermal Problem by a Combined Method 

The solution of the problem, whieh has been formalized above is realized 
with the help of a speeially developed method whieh is a eombination of 
numerieal and analytieal methods. These teehniques allow us to obtain a 
generalized solution whieh makes it possible to analyze both steady-state 
and transient thermal fields in a 3-D multilayer strueture with various 
boundary eonditions. The sequenee of steps is the following: 

A. Reduction of a transient equation to a quasi-steady-state form 

To deerease the dimension of the differential problem and to obtain 
similar solutions for both transient and steady-state eases we use the method 
of planes for the initial equation transformation. In partieular we use the 
transverse seheme of the method for the parabolie equation having 
substituted the time derivative by the left-hand differenee relation 



^T(j) 
d t 



T(j) _ 

^i+1 



T 



(4.7) 



where t = t;_,_j - tj , resulting in the following equation 






T«(x,y,z,x) = 



5"T« 5"T 



(j) 



5"T 



(j)3 



5x' 



5y^ 



dz^ 



Q^J’(x,y, z,x). 



(4.8) 



where 



Q^j^(x,y,z,x) - T/^\x,y,z,x)^^ (4.9) 

AjX 

is the nonhomogeneous part of equation (4.8). Thus, the original problem 
falls into k boundary problems for the differential equation (4.8). As the 
funetion (x, y, z) is known from the initial eondition, the unknown 

funetions Tj^{x,y,z,r), k -i + \ . K ean be found sequentially by solving 
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for every value of k = \,i one differential equation of the form (4.8) with 
the same boundary eonditions. For a steady-state ease when - j/ = 0 we 
get well- kn own Laplaee’s equation. 

B. Obtaining the solution in the form of twofold series of eigenfunctions 

The solution to a nonhomogeneous equation (4.8), aeeording to Steklov 
theorem, may be presented in the form of a twofold Fourier series in terms of 
eigenfunetions of the eorresponding homogeneous problem: 



(x, y, Z, t) - ^ X^nmk(z, (y) (4.10) 

n=0 m=0 



The form of eigenfunetions T^„(x)'F^(y) and eigenvalues a^,a 2 is 

obtained by solving ordinary differential equations, whieh have been 
obtained as a result of separation of variables with the aeeount of the 
eorrespondingly assumed boundary eonditions 

X + afX-0 

Y + ajY-O 

The eigenfunetions and eigenvalues obtained as a result of solving the 
equations (4.11) and (4.12). have the following form: 

C. Obtaining the recurrence relation for a transient problem 

To find Z^£j_(z,i) we make a substitution of (4.10) into (4.8) and having 
expanded Q(x,y,z,T) into a series analogous to (4.10), we find its 
eoeffieients. We obtain a nonhomogeneous differential equation of the 
seeond order: 



(4.11) 

(4.12) 



(4.13) 

Having solved the equation (4.13) by the eonstants variation method for 
every n and m at k -th time step we get the reeurrenee relation for a 
transient problem. solution of the equation (4.13) obtained in the 

previous time step. At the first time step {k -=\ , i -f>), determined 

from the initial eondition (4.4) by its expansion into a series of the form 
(4.10) and by finding the eoeffieients: 
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1 

Zn^o (z. ^ ^ ^ X j (x, y, z)'Pn (y)dxdy (4. 14) 

D. Per layer formation of the system of equations 

The general solution of the mathematieal model for the thermal 
eonduetion in a multilayer strueture is obtained in the matrix form, whieh is 
formed and solved, proeeeding from boundary eonditions along Z 
eoordinate. Consider now the formation of the system of equations. At the 
upper and lower surfaees of the strueture the eonditions of the 1-st, 2-nd or 
3-rd type (homogeneous and nonhomogeneous) (4.1) and (4.2) are assigned. 
Using 2N boundary eonditions (4.5) and (4.6) along Z eoordinate (N -the 
number of layers), we get the 2N x 2N system of equations. 

Matriees refleet the heat exehange between the layers and with the 
medium along Z eoordinate in aeeordanee with the assigned boundary 
eonditions. The first row of the matrix shows the type of heat exehange 
between the upper side and the medium. The seeond and the third rows and 
elements show the heat transfer between next strueture element aeeording to 
the hierarehy, or with the lower side and the medium-heat sink. Filling the 
matriees aeeording to the boundary eonditions and solving the system of 
equations, we form the mathematieal model along Z eoordinate. 

E. The development of the integration procedure 

Now we will deseribe the integration method along Z eoordinate in the 
expression (4.13). In the methods presented here it is neeessary to have fixed 
nodes (for example, the trapezoidal formula). The appearanee of additional 
intermediate points results in the inerease of the number of ealeulations. The 
method of spline quadratures allows for inerease in the aeeuraey of 
integration and in deerease of the memory storage. Then 

[f(x)dx = ^ Ai ^ - A^i ^ , (4.15) 

i— 1 2 2 

a 

where Oj eoeffieients at near seeond member of spline; f., are the 
funetion value; is the integration step. Using this integration method we 
obtain the expression of integration eoeffieient along Z 

eoordinate. 

F. Approximation and eigenfunctions expansion 

Now consider the way of approximating the function T(x,y,Zpj,t) to 

integrate it along X and Y and its further use in the mathematical model. The 
function of thermal field (distribution) at one of the sides is presented in the 
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form of the two-dimensional finite-element approximation. The domain is 
diseretized into K reetangular finite elements, eaeh being eonsidered in a 
nornmalized system of eoordinates. Four-node finite elements are used. Then 
for the i-th element, the funetion Ei{x,y,t) is of the form: 



Ei(x,y,t)- jN„E“(t), (4.16) 

i=i 

where Ef is the value of the funetion of a node a of the finite element. 

The solution of the problem of thermal eonduetion in a multilayer 
strueture by analytieal methods has been obtained in the form of multiple 
trigonometrie series. Consequently, it is neeessary to get the Fourier series 
expansion of the funetion Ei(x,y,t) . The eoeffieients of the series 

n,m = Q,<xi are determined from 

Enmk(t) = ^ ^ j |E(x,y,t)'P„(x)'P^(y)dxdy (4.17) 

i'EnI I'E^I 0 0 

The funetion Ei(x,y,t) is represented in the diserete form (4.16). The 

formulas for the ealeulation of integrals in the loeal system of eoordinates 
are obtained in an analytieal form. The above methods of approximating of 
T{x,y,z ^ ,t) in 3-D thermal eonduetion analytieal models allow to take 

into aeeount the irregularity (non-uniformity) of the funetion distribution in 
the Deriehlet’s boundary eondition, to eombine analytieal and numerieal 
solutions of the thermal eonduetion problems. 



4.3 Thermal Resistance and Heat Capacitance of the Add-on 
Elements 

The use of a thermal model as a multilayer 3-D strueture with a fiat heat 
souree for transient thermal field ealeulation in mieroeleetronie systems 
struetures (MCM’s or hybrid paekages) with add-on elements leads to big 
errors, as there is no aeeounting for initial heat aeeumulation. It is known, 
that for heating of the die from temperature Ti to T 2 the quantity of heat 
energy needed equals to [9]: 



AQe-c,,V,p,(T,-T,), 



(4.18) 
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where c^g is the heat eapasitanee eonstant; and the volume and 
density of add-on element. 

When turning on for the first time, the heat energy, whieh is released in 
the element spends for add-on element heating (is aeeumulated in it) ands 
partially penetrates in the substrate or heat sink. 

We will obtain the formula: 



Q = AQ,+S,-a,-AT,-t (4.19) 

Here Sk is the square of heat flow into the (eonstruetion), is the heat 
transfer eoeffieient from the element into the eonstruetion. 

If we assume T\—T 2 = 1ST , then after the differention we will obtain the 
formula for defining the temperature ehange veloeity in the element relative 
to the substrate temperature: 



c..'V.'P.'A^ = P,-S,.a..AT„ (4.20) 

dt 

where Po is the heat dissipation power in the element. Heat dissipation 
energy, whieh is eondueted from the add-on element to the substrate 
(multilayer strueture) heats it and is partially eondueted to the heat sink or 
the substrate (Figure 5). 




Figure 5. Cross-section of the Add-on Element with the Substrate. 



Thus, the heat energy balanee ean be expressed as the system of 
equations: 



(4.21) 



If we assume 



Po -dt-c^eVePe -d(ATJ + S,ag -ATg -dt, 

-ATg -dT^c,,Xftd(ATJ + S,a, -AT, -dt 
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Ce 

Re 



CveVePe,C, 

,Rs - 

S„a„ 



1 



then we will obtain the system of equations 



^e^^ + AT. =P.R„ 
dt 

+ = — R’^ 

dt ' R„ 



(4.22) 



where =C,R,. 

To solve the system of differential equations (4.22) means to solve the 
seeond non-homogenous differential equation taking into aeeount the 
solution of the first one. The solution of the first equation will be: 



AT,(t)^P„R, 



l-exp(-— ) 



(4.23) 



Then we ean expess the seeond equation from the system as: 



dt T, 



If we assume 



F(t) = i^(l-e^-), 



the solution will be 



(4.24) 



AT^(t)-e-^^‘(Ci + jF(t)-e^^‘dt ) 



(4.25) 



Having aeeomplished eorresponding transformations we will finally 
obtain the formula: 



AT,(t)-PoR, 



1-e 




(4.26) 



whieh defines the temperature ehange in time on the substrate under the add- 
on element. 
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Transient temperature in the add-on element is defined from the formula: 

T,(t)^T,+AT,+AT,, 



or 



T,{t) = P-\Rs 



1 - e 









+ E 



(4.27) 



Based on the obtained formula (4.27) one ean ealeulate the temperature 
differenee only in the heat release area. For us to be able to ealeulate 
infiueneed temperature differenee in another element on the substrate we 
shall assume that the heat power from the add-on element is transferred only 
through the substrate. Then the heat release power P(t), whieh is transferred 
from the element to the substrate is approximated with the expression: 



P(t)- 



Ts(t) 

Rs 



t t 


f ^ 




1 e X e 


e -1 




't.. - 






e s 


1 J 





(4.28) 



Having defined the ehange of heat release power in time in the way 
deseribed above and exploiting the methodology deseribed in part 4.2, one 
ean define the temperature in any point of multilayer strueture. 



4.4 Software Implementation 

The above solution teehniques of the heat eonduetion problem were 
implemented in the steady-state and transient thermal field simulation 
system MONSTR (Modelling of Non steady-state and Steady-state Thermal 
Regimes). The system ineludes a database, means of interaetive 
eommunieation with the user during the preparation of the input data, 
software modules for earrying out eomputations, for visualization and the 
analysis of the aehieved results. A database is designed and realized in a 
speeially developed database manager, whieh makes it possible not only to 
deseribe and handle the data, but also to develop information interfaees 
providing interaetion of the subsystem with other CAD tools. Visualization 
of the eomputational results is realized by displaying one-dimensional plots 
and 3-D surfaees in eolor. To inerease the information eontained in the 
surfaees being displayed the objeet rotation and re-eoloring have been 
implemented. 
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Figure 6. The Structure of Thermal Simulation System MONSTR. 



One of the main requirements for developing the thermal simulation 
system is the possibility to adapt it to the real proeess of MES's designing, in 
whieh a lot of another tools, of eourse, are used. Thus, the system ineludes 
three main eomponents: 

1. Software and methodology tools, whieh inelude the following - 
preproeessor, proeessor, postproeessor, information interfaee and display 
driver. 

2. Hardware, whieh ineludes standard eonfiguration of tools. 

3. Organization tools. 

The main eomponents of the system MONSTR are shown in Figure 6. 

The adaptation to the eonditions of real designing provides for following 
tools: 

> tools of information interaetion with eireuits, physieal and teehnologieal 
CAD system; 

> the extending tools of interaetion with users; 

> providing the operational possibility to ehange strueture input and output 
data in database; 

> the information and linguistie tools developed for more eonvenient data 
proeessing by pre- and postproeessor. 
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The above mentioned properties define the strueture and eomponents of 
preproeessor, proeessor, and postproeessor. 

Preprocessor consists of the following components: 

> control module is responsible for input and processing of user’s 
commands and executes a role of “main menu” in preprocessor; 

> problem-oriented editor of input data allows to input, modify, remove and 
add the information which describes objects of designing and electro- 
thermal problems; 

> the blocks of semantic and syntax’s control; 

> the block of formation and transformation of the input information in a 
form necessary for the processor; 

> the information and program interfaces to the circuits, physical and 
technological CAD systems; 

> modules of access to database. 

While using a preprocessor it is possible to formulate the set of the 
separate problems for system’s processor, which can be used by several 
computers simultaneously, that allows the essential decrease of simulation 
time. Thus using of a preprocessor in the electro-thermal design gives the 
designer of ES’s a possibility to raise an effectiveness of using the system 
MONSTR in the environment of an integrated CAD system. 

Processor of the system contains next components: 

> the control module responsible for interaction with the user; 

> the block of choosing the name of a project already formed; 

> the block of control and correction of the information model parameters 
according to infological model of ES, to realize semantic control by 
automatic and interactive regime and changing input data automatically; 

> the processing block and block of processing control; 

> the block of computing results checking. 

The running processor allows to repeat the process of simulation of the 
same problems several times changing and correcting only the parameters of 
an information model. Thus the processor is responsible for simulation and 
investigation of thermal and mathematical models. 

Postprocessor has to realize next functions: 

> to visualize and analyze obtained results chosen from the catalogue on a 
text and graphical display; 

> to process extra simulations; 

> to form files of the simulation results for circuit, physical and 
technological CAD systems; 

> interactions with the user while visualizing and analyzing the results 
obtained; 

> to form final results of electro-thermal simulation. 

The postprocessor consists of: the 1-D, 2-D, 3-D functions graphic 
interpreter; the forming tables, printer and plotter drivers module; the 
arithmetic functions interpreter; the system of database management. The 
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postprocessor is running independently from the processor that allows to use 
it in parallel with simulation. And it has a possibility to 1-D functions in any 
scale and 3-D color picture of temperature field distribution within the 
substrate. For displaying a text the special module is developed. 

Let’s consider the components, which join the preprocessor, processor 
and postprocessor in the integrated system: monitor and information 
interface. Monitor realizes the interaction between the users and subsystem’s 
components and joins the autonomous modules in accordance with the 
logical structure. It consists of the command interpreter and tools of calling 
the objective modules; as extra functions the monitor realizes the calling of 
operation system commands and extra modules, which are not included in 
the system menu. The information interaction is realized by interface, which 
connects the local database and external files. The database management 
system executes the next functions: creating a database; operating with 
subcatalogues; operating with files; interconnecting with outside system for 
files and data exchange. The database has relational structure at a conceptual 
level. The MONSTR system utilizing methods described above has been 
applied to performance simulation of semiconductor IC’s [6], hybrid 
packages [3] and multichip modules [2]. 



4.5 Simulation Tests 

The transient temperature with and without taking into account thermal 
resistance and heat capacitance of the add-on element are investigated. The 
input data and test structure are shown in Figure 7. 



Add-on element 




Figure 7. Thermal Test Structure with Add-on Element. 
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The effects of the themial resistance and heat capacitance of the add-on 
element on the transient temperature of the substrate are show in Figure 8. 
The curves 2 and 4 have been obtained with taking into account thermal 
resistance and heat capacitance of the add-on element. The changing of the 
transient temperature in point 1 is shown by curves 1 and 2. 





Figure 8. Time Historyof Temperature on the Substrate. 



The next consideration is given to the comparison of simulation results 
obtained for a real hybrid circuit using three different kinds of thermal 
simulators. The first simulator is above mentioned system MONSTR. The 
second one is NAPOM-PYRTHERM which uses a semi-analytical approach 
employing Bessel functions. The third numerical simulator STEA is based 
on the principle of analogy between thermal and electrical phenomena [6, 7]. 
The NAPOM-PYRTHERM program was developed in the Department of 
Microelectronics & Computer Science at the Technical University of Eodz. 
It should be mentioned that a simulator similar to the MONSTR was also 
developed independently at the TU of Eodz. 

The analysed hybrid circuit contains six thin-film resistors placed on 
alumina substrate attached to a copper heat sink by a thin joint layer. The 
geometrical data on resistors as well as the amount of power dissipated in 
each of them are given in Table 1. The circuit layout and its cross-sectional 
view together with the data assumed for the thermal model used in the 
simulations are presented in Figure 9. The heat exchange coefficient a at 
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the bottom surface was experimentally set to 30 000 W/(m^K), which 
corresponds to forced liquid cooling. 

Table 1. Resistor Parameters. 



Resistor 


Power, W 


Dimensions, mm 


Centre co-ordinates, mm 


X 


y 


X 


y 


R1 


2,50 


3,6 


0,8 


19,9 


1,1 


R2 


4,12 


1,7 


2,0 


20,85 


3,5 


R3 


2,44 


1.4 


0,6 


7.9 


1,0 


R4 


2,38 


0,8 


1,4 


5,3 


6,0 


R5 


2, 76 


3,6 


0,8 


4,8 


1.7 


R6 


4,28 


1,7 


2,0 


3,25 


5,1 



For the load conditions specified in Table 1, the temperature distribution 
on the top surface was captured by the Hughes TVS 4100 infrared camera. 
The measurement accuracy is ±3 K. Then, the circuit was simulated with all 
three earlier described simulators. The measured and simulated temperature 
values in the middle of each resistor are presented in Table 2. 








AI2O3 

\i=20 W/(m°C) 



Joint layer 

12^1,7 W/(m°C) 



fZj=0,64 mm 
f Z 2 = 0 , 08 mm 







■ t 

z 



Zj=2 mm 



Cu 



X 2=3 88 W/(m°C) 



Figure 9. The Test Hybrid Circuit. 
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Table 2. Simulation Results. 



Resistor 


Temperature rise in the heater center, C \ 


Measurement 


MONSTR 
30 components 


MONSTR 
500 components 


NAPOM/ 

PYRTTHERM 


STEA 


R1 


37,0 


36,9 


37,3 


38,0 


40,6 


R2 


57,0 


59,0 


57,7 


60,0 


58,1 


R3 


81,5 


78,2 


73,4 


74,0 


83,2 


R4 


64,0 


58,0 


63,9 


65,0 


68,8 


R5 


40,0 


37,7 


38,0 


40,0 


41,3 


R6 


64,0 


63,3 


60,3 


65,0 


63,7 


Maximal deviation from 
measurement 


10% 


10% 


10% 


10% 


Average deviation from 
measurement 


4% 


4% 




4% 



The temperature distribution maps on eireuit surfaee obtained from 
measurement and simulations are given in Figures 10-12 respeetively. The 
referenee ambient temperature was assumed equal to 0 C, thus the eomputed 
values represent temperature rise over ambient temperature. In order to 
investigate the influenee of Fourier series truneation, the simulations with 
MONSTR program were performed for different number of series 
eomponents. 




Figure 10. Temperature Map of the Upper Surface - Thermographical Measurement. 
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As one can see all simulators give similar results, which are in good 
accordance with the thermographical measurements. The simulation results 
are within the measurement error margin, except for the resistor R3, 
however this phenomenon the authors explain by the possible presence of an 
air cushion in the solder layer under this resistor. For the hot spots, the 
maximal error does not exceed 10% for all four simulators and the average 
error is less than 4%. 

The maximal number of Fourier series elements taken into account was 
experimentally set to 500, so that further increase of the number of 
components does not change the numerical result at 8 byte word length. 
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However, it should be underlined that similar aeeuraey ean be attained 
taking into aeeount only 30 series eomponents. For the STEA program a 
non-uniform division mesh eomprised 5500 nodes in the final model. 



5. THERMAL ANALYSIS AND MODELLING OE ELIP- 
CHIP STRUCTURES 

In reeent years the flip-ehip bonding teehnique has beeome widely used 
in the mierostruetures. The method of flip-ehip bonding is used for 
automating the labour-eonsuming proeesses beeause of the improvements in 
integrated eireuits and semieonduetor ehips bonding teehnology. One of the 
key issues in the flip-ehip strueture design is to provide heat removal and 
temperature field analysis in three-dimensional struetures. 

Figure 13 shows the sehematie flip-ehip strueture. The flip-ehip basieally 
eonsists of the substrate and ehip attaehed to the substrate by solder bumps 
[8]. Heat sourees are loeated on the lower surfaee of the ehip. In praetiee 
there are various types of solder bumps with different funetions: for 
eleetrieal eoupling, for meehanieal stability, for heat removal, ete [9, 10]. 

There are the methods for thermal fields modeling in MCM with flip-ehip 
bonding deseribed in literature, whieh utilize the finite elements approaeh. 
Other papers solve this problem using partially isothropieal areas with the 
eomponents: die, outlets and substrate. Still, different from the above 
mentioned researehes, the new method is developed for die thermal field 
simulation in the eomplex strueture, whieh allows for obtaining analytieally 
and ealeulating the thermal field both in the flip-ehip die and in the substrate. 




Figure 13. Schematic Flip-chip Structure. 
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5.1 Steady-state Thermal Problem 

Let us consider a multi-layer die {N layers) of certain size {Ki, K2, hk) 
with heat sources (their number is ks), attached to multi-layer (M layers) 
substrate (Pi, P2, hp) by solder bumps [2, 3]. Each die layer with height h/‘^ 
is made of a material with thermal conductivity (i = ); accordingly, 

for each substrate layer we have and ^ 2 ^ ( j = 1, M ). The solder bumps 
are: signal (their number is kpi) and constructive (their number is kp2). The 
interaction of the passive side of the die with the ambient at temperature Tamt 
is specified by the heat exchange coefficient a. Similarly, for the lower and 
upper surfaces of the substrate we specify heat exchange coefficients with 
the ambient and P 2 - 

The solution of the problem of steady-state heat exchange in flip-chip 
bonding is sought in the die domain Di (co-ordinate system X/, Ty, Zy) and 
substrate domain D2 (X2, Y2 Z2). The employed specifications and different 
types of bumps are shown on Figure 14. 



D, 




Figure 14. Different Types of Solder Bumps. 



The die and the substrate are attached by solder bumps; the area of cross- 
section of i-th lead is Spt, its heat source power is Ppi. The heat sources are 
placed on the insulated lower die surface; the cross-section area of y-th heat 
source is Ssj, its power is Psj. 

The heat exchange problem for these two conjugate multi-layer structures 
for each domain (Dy and D 2 ) is formulated by the system of differential 
equations, the solutions of which are the temperature in /-th die layer 
(xi, yi, Z]) and the temperature in y-th substrate layer (x 2 , y 2 , Z 2 ). 

For = U y)(0 : 
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^2tu, ^2^0) 

5 Xj^ d y\ d z\ 
5T,<‘> _ 5T/‘> 



0X, |x,=o 

I XI =Ki 



5y, lyi.O 
I yi=K-2 



= O' 



= 0 



- 



0T,“> 

5z, 



+ aT.(Tr-T,„J, 0 = 0 



|z=0 



’ (i + l) 



' 5Z[ 



, i-l,N-l 



5zj 



(5.1) 

(5.2) 

(5.3) 

(5.4) 



2) 



,m 1 






Z[ -z. , 



— =^,if(xi,ji)E5's ,m = l,ks 

S, 

m 

^pi, 



^pi, 



,if(-^bJi)e‘S'pi ,k = l,kpl 



^P2 



--^,if(jci,y)i e5p2 ,l = l,kp2 



"’p2, 



0,if(xi,yi)^Sj,^ A(xi,yi)^Spi^ A(xi,yi)^Sp2^ 



(5.5) 



For £>2 = 1) £> 2 '^^ • 
y=i 









d^T. 



d xl 



- + - 



77 



(j) 



-+ ■ 






dzl 



= 0 






5x 



2 | 2" 

X2=Di 



5y2 yy-o 
y2-D2 



= 0 



ai® 

dz^ 



- + a,,(T®-T^,0 



= S 



|Z2=0 



— ,if (x2,y2)eS„ 



pii 



0,if (XjxyJ^Spi. 






5z, 



dz^ 



+ 



^,if(x2,y2)eSp^^ 

^P2i 

0,if(x2,y2) 



(5.6) 

(5.7) 

(5.8) 

(5.9) 
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3 U) ^ (^2 , J2 . Z2 ) 3 0+1) ^ (^2 ,72.^2) 

/L-> — A't 



z. 



F2=Z2/ 



Zn 



Z2=Z2, 



(5.10) 



T^^\x2,y2,Z2)l =r^'^"'(X2,y2’^2)L = 3 , .> J=2,M-1 



_ T’O+l) 



yi=^ 2 j 



^ 2 =^ 2 j ' 






(M) 






= 0 



(5.11) 



The solutions for die and substrate domains are found by the Fourier 
method in the form of trigonometrie series: 



nn: Xj mn: y^ 



7 ](Xi, Ji, Zl) = X Z COS^T^ COS 

«=0w=0 



yt=0/-0 



^1 


K2 


(5.12) 


knx 2 

A 


l 7 ty 2 
cos ^ 

A 


(5.13) 



The unknown eoeffieients of Fourier series Zinm(zi) and Z2u(z2) are found 
analytieally with the use of boundary eonditions and eonjugation eonditions. 
As the result, we obtain for eaeh n, tm. system of linear algebraie equations 
that is solved by the method of exelusion of unknowns. 

For determining the unknown powers of heat flow via the leads of two 
types {Pieadii and Piead2j), we use the temperature equality eonditions on the 
junetion of the die and the substrate, as two eonjugate domains 






\\Tj^^(xj,yj,z\^^ )dxjdyj = \\tP (x2,y2,A^ )dx2dy2 
s, s, 



(5.15) 



where Si, S2 are the areas of junetion of the die and the substrate in eo- 
ordinate systems X/, Yi, Zj andX^, Y2, Z2, aeeordingly. 

For all leads of the first type we employ the eondition (5.14), for all leads 
of the seeond type - the eondition (5.15). After neeessary substitutions and 
simplifieations we get a system of linear heterogeneous equations for 
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determination of heat flow in all leads, whieh eontain kp equations and kp 
unknown variables. The solution is found by a numerieal solving method [4]. 

The obtained solutions allow to ealeulate the temperature field in an 
arbitrary strueture point, dependent on the influenee of heat sourees, their 
plaeing, and eonstruetive and topologieal eharaeteristies of solder bumps, as 
well as thermal-physieal parameters of the die and the substrate. 



5.2 Transient Thermal Problem 

Let us eonsider the die of eertain size Ki, K 2 , 2h with heat sourees and 
solder bumps. Mathematieally the transient eonduetivity proeess in the die 
ean be deseribed by the Fourier differential equation: 



d2j q2j d^T_c,p,dT 
5yi^ A.J dt 



(5.16) 



where T=T(xi,yi,zi,t) is the temperature in the die, T; is the thermal 
eonduetivity, c; is the speeifie heat eapaeity, pi is the speeifie die density. 

Write the boundary eondition on the bottom surfaee taking into aeeount 
the heat souree plaeement {P‘ source, S‘ source are the heat dissipation power and 
the area of /-th heat souree) and solder bump loeation {Ppm, S'pm are the heat 
removal power and the area of y-th pin): 






pm 



-,if (Xi,yi)eSpiJ, 



dT 

5zi 



^ 1 ^ source 



‘(t) 

— ,if (Xi,yi)eS, 



0 , 



else 



(5.17) 



The boundary eondition for the top surfaee ean be deseribed as: 

5T 

— (T"-0"), (5.18) 

OZ, I , A, 

1 |Z]=h 1 

where ^ and T are T(xy, yi, zj, t) funetion values on lower and top borders 
aeeordingly; a" and are the heat transfer eoeffieients with environment. 
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temperatures of whieh are and 0” ' aeeordingly. The thermal removal 
into the ambient from the side surfaee of the die ean be negleeted due to 
small dimension. Thus boundary eondition for the side surfaees of the die 
ean be deseribed as: 



5T 



5T 



5Xj |x=0 dy ^ |y = 0 



- 0 



(5.19) 



y = Kj 



The initial eondition has the following form 

T(Xi,yj,Zi,0) = To 



(5.20) 



Thus a temperature in any die point ean be deseribed by the differential 
heat eonduetivity equation (5.16) with boundary eonditions (5.17)-(5.19) and 
the initial eondition (5.20). 

Similarly, we deseribe the heat exehange problem for the substrate with 
dimensions Dj x D 2 and thiekness 2r 



d^W d^W d^W C 2 P 2 aw ^ 

ax2 ay2 az2 ^2 



(5.21) 



where W(x 2 , y 2 , Z 2 , t) is the temperature in the (x 2 , y 2 , W substrate’s point at 
the time t; T 2 is the thermal eonduetivity, C 2 is the speeifie heat eapaeity, p 2 is 
the speeifie density of the substrate. 



2 ^ =Pl(w--n-), 

az, I A,, 

2 z,=-r 2 



(5.22) 



aw 



a z 



2 lz,=r 



p.Vt) 

-e^,if(x2,y2)eS^J 
-f (W^-Q^),else 



(5.23) 



here p and fP are heat transfer eoeffieients where the temperatures of 
environment are Q and aeeordingly. 



aw 



aw 



a X2 x2=o a y 2 y2=o 

X2=Di Y2~^2 



= 0, 



(5.24) 
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W(x2,y2,Z2,0)- Wo (5.25) 

The conjugated heat exchange problem for the die and the substrate 
conjugate is solved analytically. 

The essence of the method proposed is the presentation of search function 
of four variables in the linear expansion form along z coordinate and finding 
two functions with three variables. The method consists of following steps: 

- transforming the differential equation of second order to the system of 
two differential equations with the exclusion of z variable and 
satisfying the boundary conditions on z axis; 

- obtaining the solution in the form of two Fourier series in terms of 
eigenfunctions as the result of separation of x and y variables; 

- solving the system of differential equations of the first order for 
finding the Fourier coefficients of two functions of linear 
decomposition with the application of Laplaces’s transformation; 

- obtaining heat removal powers through the solder bumps taking into 
account the condition of conjugate heat exchange in the die and the 
substrate. 

The last step requires forming and solving the system of linear integral 
equations with the dimension equal to the number of solder bumps. Here we 
apply one of the methods for approximate solution of integral equations, the 
method of successive approximations. Three first scheme steps are applied to 
the substrate in a similar way. 

Because of the complexity of all analytical expressions, we have 
presented only some die solution schemes. 

Thus we are searching for the approximative heat exchange solution 
problem by Kovalenko [10]. The temperature distribution along z coordinate 
can be represented by polynomial 



111 

T(xi,yi,Zi,t)-^Tj^i(xi,yi,t)-Zi 



(5.26) 



that reduces thermal problem to two dimensional one. 

To format the equation that must satisfy the function 7} (xi, yi, t), we 
multiply the initial equation on z/ {p=0,l,..., m) and integrate the result by 
coordinate z;on interval [-/?;, hi\. 

At this we take into account the next identify 



d 



d 

d Zi 



ar 

d Zi 



P^\ 






+ p{p-\)z^P ^ (5.27) 



and boundary conditions (5.17), (5.18). 
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Let us assume the linear deeomposition of the temperature along the 
thiekness of the die (using m=l) and then we shall have 

T(Xj,yj,Zj,t) = Tj(Xj,yj,t) + Zj -T2(Xi,yj,t) (5.28) 

We integrate the initial equation by eoordinate z; on interval [-hi, hi]. 



-hV 



a"T a 
1 


^ ax ^ 


CiPi 


ax^ 


dji 5zi 


^azj 


ll 


atj 



^1-0 (5.29) 



If designated A ^ H ^ , we obtain the expression 

5xj 5yi 



jTdz, 



ax 



-h 



d z, 



h CjPi d 

- h A.J at 



11 

jxdzi-0 (5.30) 



Using dependenee (5.28) for expression (4.30) we reeeive 



A„ 



2 ^ 



Ti-Zi+T^ 



-h k, at 



2 A 



Ti-Zi+T^ 



= 0 (5.31) 



that in the final form is written as follows 



AxyTi--^Ti-— (5.32) 

' h" ‘ h " h' at 2h 

where 



2^1 



To ereate the seeond equation we multiply the initial equation on zl and 
integrate the result by eoordinate zl on interval [-hj, hj]. 



-h’ 



a^T a^T ^ 



axj" ayi" 



Zl + 



azj 



Zl - T V l^ldz, - 0 , (5.33) 

a z 



1 j 



ii ‘ at 



after due transformations and taking into aeeount (5.28) we may write 
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A. 



^ 2 3 A 

Ti • — + Tj • — 

V 2 ^3, 



r 



h 

-h 



+ (hQ" -T, -hT^ -(hQ- -T, +hT2))- 



CiPi 


a 




at 



2 3 A 

Ti • — + Tj • — 

V 2 ^3, 



h 



(5.34) 



-h 



= 0 



In the final form we obtain 



A T _^T _^T ^iPi ^^2 

" h" " h' ‘ at 

where + \ 



3Q 3a" 



2h' 






0", (5.35) 



Performing analogous transformations with boundary eonditions (5.19), 
we reeeive boundary eonditions for funetions Tj(x], yj, t) and T 2 (x], yi, t): 



aij 



a X, 



aij 



,= 0 . 



ayi 



y,=o. 

yi=K-2 



(5.36) 



ai. 



axj 



ai. 



Xi=0, 

Xi=Ki 



ayi 



yi=o, 

yi=Kj 



-0 



(5.37) 



Thus for the determining the unknown funetions Tj(xi, yi, t) and 
Tiixi, yj, t): we reeeive the system of differential equations (5.32) and (5.35) 
with boundary eonditions (5.36), (5.37). 

We seek unknown funetions in the form of trigonometrie series and 
perform their deeomposition by eigenfunetions of variable separation on x; 
andji eoordinates. 



1 nm ' 

n=0 m=0 



2 nm ' 

n=0 m=0 



ntt 

— ^1 

K, 


niTt 

cos y, 


(5.38) 


ntr 

’ — ^1 

K, 


mK 

cos y, 

K, 


(5.39) 



In a similar way we deeompose the Q' funetion, whieh still eontains the 
unknown heat removal powers through the solder bumps. Then, we 
designate the eoeffieient of the Fourier deeomposition by qsnm and take into 
aeeount the deeomposition of the lower surfaee of the die into N eells. Eaeh 
eell eorresponds to either the solder bump or the heat souree or a free area. 
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Now we appoint the funetion (t) to the 5-th eell (s=l,...,N) and obtain 
the formula: 

N 00 00 

Q~ = cos ^ xi cos ^ yi (4.40) 

5=1 n=0m=0 ^2 

Thus, we have obtained the system of differential equations on variable t 
with the boundary eonditions for the determination of Fourier series 
eoeffieients and the quantity of the sought- for funetions Ti(xi, yi, t) and 
T 2 (x], yj, t). 



A T I ^ T I CiPi ^ 



4 - pi T 4 _ 

3 nm ^ nm ^ 2 mn 



CiPi _ 

1, ^nmV*'/9 

Aj at 



(5.41) 



T,„„(0)- 



[^Tg,if n^m^O, 

I 0,if n,m?*iO. 



T2..(0)^0, 



here we used the following designations: 



(5.42) 



A„„ - 



Tin 



vK.y 






vKay 






^Tin" 



vK.y 



^Tim" 



vK.y 



3a, 



h 2h 



D.,=^e 



nm ,3 



2h^ ,.3 



' ZqLQ^(t) 



Now we solve system (5.41) with the eondition (5.42) using the Laplaee’s 
transformation 



T.„„(t) = 






4c,Pi(Y„n,-®„m)h 



SqLjQ^(^) 



s=l 0 



— (Bmn + ^)gmn('C “ 0 “ f„n,('C “ 0 

c,p, h 



kx (5.43) 
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^2„mW - 



3A, 






4ClA(r«m ^=1 0 



fnm^^ (^/im 

CiA 



(5.44) 



where 



/«m(^-0 - Ynn/''’" 






^{r-t) = / _^nJj 0 






A, 



CiA 



3a++4(fl+)^+- 

4y 






K^xj 



f a 2 
Tim 



yJ^2j 



2a^ 






C\Pl 



3a" 



(4a+)^+- 

4 



;zw 



y 



y^ij 



r a 2 
Tun 



\^2J 



2g+ ^ 

2/?^ 



(5.45) 



For determination of the unknowns pi„(t), ...P^pi„(t) for eaeh 7-th solder 
bump we apply the eonjugate eondition (5.46) that eonjugates the die with 
the substrate via the solder bumps. Here SPpi„ and S2'pi„ are the areas of the 
solder bumps junetion with the die and substrate in aeeordanee with 
eoordinate transformation for eaeh pin in the substrate domain: 

X 2 pinj^A-^ + x,pi„.,y 2 pinj^B-^ + y,p,„., whoro A and B are 

eoordinates of the ehip eenter in the substrate domain; hpin, ^pin are the height 
and the thermal eonduetivity of the solder bumps, respeetively. W(x 2 , y 2 , f) is 
the substrate temperature, the eoeffieients of whieh are found similar to the 
die. 



jjT(Xi,yi,-h,t)dXidyi 

Slpin' 



jjw(x2,y2,r,t)dx2dy2 +^P;i„(t) (5.46) 

S2piJ 



Then we obtain the system of Walter’s integral first form equations: 
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1 jP^n (^)(Pl 1 (t, + ai2 jPpin (t)(Pi 2 (t. + • • • + 

0 0 

t 

+ c> Ik jPpta (^)(Pik (t, ^)dx - 6i (t) 

0 

t t 

c^2i jPpinW92i(t,^)dx + ai2 jPpl(T)(p22(t,x)dT + ...+ 

0 0 

t (5.47) 

+ f^2k jPpi„W(P2k(t>T^)d^ - 82(0 

0 

t t 

f^kl jPi„W9kl(t.^)d^ + f^l2 jPpinW9k2(t.T:)d^ + - + 

0 0 

t 

+ f^kk jPpl (^)9kk (t> ^)di: - 5k (t) 

0 

where P^pi„(t),...P^pin(t) are un kn own heat removal flows through solder 
bumps, o^yis some eoeffieients, Si(t), (pij(t,T) are known funetions determined 
from the eondition (5.36), i,j = l,k. Applying the method of sueeessive 
approximations to the (5.37), we will reeeive the values of the sought- for 
bump power funetions on the interval pieees and put them into formulas 
(5.34), (5.35). Thus, we have found the eoeffieients of the funetion 
deeomposition, whieh linearly represent a solution to the heat exehange 
problem. 



5.3 Software Implementation 

The above solution teehniques of the thermal problems were 
implemented in the Web-based system ealled ITSim. ITSim is a novel 
network CAD tool that is intended for the thermal design of mieroeleetronie 
eomponents of various embodiments and produetion teehniques. The system 
is built on the basis of CORBA teehnology that is an industrial standard for 
distributed applieations. 

iTSim system is based on the following eoneeptual prineiples: 

1. Simulation of mieroeleetronie systems of various embodiments and 
produetion teehniques. 

2. Implementation of different thermal modeling methods. 

3. Distributed arehiteeture with the eentralized information fund. 

4. Integration with the Internet. 
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5. Facilities for the integration with external CAD/CAM systems. 

6. Implementation of the functions proper to existing thermal simulators. 

7. Support of different hardware platforms and operating systems. 

8. Usage of the modem computer technologies and development tools. 

The system architecture developed in accordance with the key principles 
described above is presented in Figure 15. The architecture combines a few 
well-known architectural styles such as preprocessor-processor- 
postprocessor architecture, client-server architecture, object-oriented 
architecture, and modular architecture. 




Figure 15. Architecture of iTSim system. 



The iTSim system consists of seven components with strongly defined 
functional purposes: preprocessor, processor, postprocessor, database, local 
client, web integrator, and remote client. Basically, each system component 
should be installed at separate or several networked computers. 

Interaction among the preprocessor, the processor, the postprocessor, the 
local client and the web integrator is performed by means of CORBA 
interfaces implemented in the preprocessor, the processor and the 
postprocessor (Figure 16). Each CORBA interface offers the access to a 
certain predefined functionality of the system component and provides a set 
of methods to reach this functionality. Except internal interaction of the 
system components, these CORBA interfaces can be also used for the 
integration with external CAD/CAM systems that support CORBA 
mechanisms or by means of corresponding bridges. 
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Figure 16. System Components Interaction Via CORBA Interfaces. 



During storing in the database and passing aeross the system eomponents 
all projeet related data (thermal models, simulation tasks, and simulation 
results) are presented in flexible and extendable XML format. Sueh ehoiee 
allows to pass projeet data among different platforms and operating systems. 
Interaetion between the database and the simulation engine (the 
preproeessor, the proeessor and the postproeessor) is performed via standard 
SQL queries. In the database all projeet data are stored in several relational 
tables with implieit assoeiations on the level of XML eontent. The remote 
elient internets with the web integrator via Internet in aeeordanee with HTTP 
protoeol. If needed it is possible to introduee an additional eustom protoeol 
based on TCP/IP eommands that provides the remote elient with advaneed 
funetionality. 

The loeal elient provides a user with the aeeess to the system simulation 
engine from Win32 workstations eonneeted to loeal network. The loeal 
elient is implemented in C++ with the usage of OpenGL graphie libraries. 

The loeal elient operates with the thermal models of mieroeleetronie 
eomponents of various embodiments and produetion teehniques, and offers 
the following funetional faeilities: 

1. Visual building of the thermal models of mieroeleetronie eomponents in 
3-D representation (Figure 3). 

2. Definition of the thermal simulation tasks to perform steady-state 
temperature analysis, non steady-state temperature analysis, and 
eonstruetive-parametrieal seareh. 
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3. Visualization of the thermal simulation results in the form of eolor 
temperature maps laid on the 3D skeletons of the thermal models 
(Figure 17). 



1 A HvbridCircuit.xml - iTSim Local Client 




^xj 


File Edit View Help 







>lial ^ [m o|o| 




Figure 17. iTSim User Interfaces for Thermal Design Within Intranet. 
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During thermal modeling the loeal elient interaets with the preproeessor, 
the proeessor and the postproeessor via CORBA serviees.In real working 
eonfigurations the iTSim system ean have any number of loeal elients 
installed on separate workstations that are eonneeted to loeal network. In this 
ease all thermal designers work in common information space and use 
common system facilities to perform design tasks. 

Remote access to the iTSim system is provided by means of the web 
integrator built on the basis of a JSP-server, and the remote client. The 
remote client works under usual web browser like Internet Explorer or 
Netscape Navigator and connects to the JSP server in order to obtain a 
sequence of the web pages with dynamic project related information and 
forms for data input. Like the local client the web integrator communicates 
with the iTSim simulation engine via CORBA mechanisms. 

Existing implementation of the web integrator allows to calculate steady- 
state temperature fields into multi-layer hybrid circuits with flat heat sources 
on the surface. For the lower surface of the modeling object it is possible to 
assign one of two boundary conditions: convective heat exchange or uniform 
temperature distribution with predefined temperature. The upper surface of 
the modeling object can have only convective heat exchange with the 
external environment. Simulation process for a remote user consists of seven 
sequential steps from definition of the hybrid circuit configuration to 
visualization of the temperature map on the upper circuit surface (Figure 18). 

It is worth to point that the modeling object and the simulation tasks 
accepted for the remote thermal analysis can be changed or extended by 
means of updating the web-integrator and the remote client only, without 
any influence on the other iTSim components. 



5.4 Simulation Tests 

The flip-chip structure with Di=8 mm; D2=16 mm; r=0.5 mm dimensions 
substrate made of ceramics (A,=155W/°Cm, c=1004J/kg°C, p=3500kg/m^) 
and Ki=3.6 mm; K2=4 mm; h=0.3 mm dimensions chip made of silicon 
(A,=125W/°Cm, c=703J/kg°C, p=1330kg/m^) was used in the model 
experiment. The chip is established to the substrate by means of eight 
0.2 mm diameter solder bumps made of a solder alloy (k=50 W/°Cm, 
c=376J/kg°C, p=8850kg/m^) and placed along the chip perimeter on the 
0.1mm distance from the chip edge. The fiat heat source with 1.8x2 mm 
dimensions is placed in the center of the lower chip surface. The lower 
surface of the substrate is isothermal with the temperature of 20°C. Other 
structure surfaces have free convection exchange with the environment, the 
coefficient of this exchange being a=15W/(°Cm^). The ambient temperature 
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is 20°C and the heat souree power equals to 1 W. The thermal test strueture 
is shown in Figure 19. 
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Figure 18. iTSim User Interfaces for Remote Thermal Simulation Via Internet. 
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To approve accuracy of the method described in this paper the test 
structure was modeled by two other systems: STEA simulator and 
WebTAFC simulator. Both simulators were developed by the authors of this 
article. The STEA simulator is based on the thermal and electrical analogy 
and intended for thermal simulation of wide range of microelectronic 
systems including flip-chip structures [15]. The WebTAFC simulator is 
oriented to Web-based steady state thermal analysis of flip-chip structures by 
the analytical method [12]. A reader can simulate the test structure in the 
WebTAFC simulator and compare the results with ones presented below by 
visiting the WebTAFC Internet server: 
http://www.neo.dmcs.p.lodz.pl/WebT AFC.html. 

Table 3 contains the temperatures in the heat source and on the solder 
bumps of the test structure that were obtained by the original method 
described in the paper (denoted as “the method”) and two simulators: STEA 
and WebTAFC. 

Table 3. The Results of Thermal Simulation of the Test Structure. 





Time, sec 


0 


0.2 


0.4 


0.6 


0.8 


1.0 


1.2 


1.4 


1.6 


1.8 


2.0 


Heat Source 


Method 


20.0 


29.7 


36.8 


42.5 


45.1 


46.3 


46.9 


47.6 


48.5 


49.0 


49.2 


STEA 


20.0 


27.0 


36.3 


40.8 


42.8 


44.3 


44.9 


45.0 


45.1 


45.2 


45.3 


WebTAFC 


48.5 (in steady-state regime) 


Solder Bumps 4 and 8 


Method 


20.0 


25.5 


31.0 


35.1 


36.9 


38.0 


38.4 


39.0 


39.2 


39.2 


39.3 


STEA 


20.0 


24.6 


28.6 


31.8 


33.4 


34.2 


34.9 


35.7 


35.9 


36.8 


36.9 


WebTAFC 


38.8 (in steady-state regime) | 


Solder Bumps 2 and 6 | 


Method 


20.0 


23.9 


29.6 


33.6 


35.6 


37.2 


37.6 


38.0 


38.3 


38.6 


38.7 


STEA 


20.0 


23.6 


28.0 


31.4 


32.8 


33.9 


34.6 


35.1 


35.4 


36.4 


36.7 


WebTAFC 


37.9 (in steady-state regime) | 


Solder Bumps 1, 3, 5 and 7 | 


Method 


20.0 


23.4 


28.8 


33.0 


34.9 


36.1 


36.4 


37.0 


37.2 


37.6 


37.7 


STEA 


20.0 


23.0 


27.4 


30.3 


31.9 


33.5 


34.3 


34.8 


35.2 


35.5 


35.5 


WebTAFC 


36.2 (in steady-state regime) 







326 



Smart Sensors and MEMS 



One can see that the transient process simulated by the method presented 
above is similar to the one modeled by STEA simulator. However there is an 
essential divergence in numeric results obtained by these two methods. The 
deviation of the temperatures doesn’t exceed 10-15% in any time point for 
both transient and steady state temperatures. The difference between the 
results obtained by the original method and WebTAFC simulator is much 
smaller and takes 1-2% for steady-state temperatures. 

Figure 20 depicts the transient temperatures obtained for the test structure 
by application of the method described above (a) and STEA simulator (b). 
The figures show the temperatures in the heat source and on the solder 
bumps. 




a) 




b) 

Figure 20. Transient temperatures obtained by the original method (a) 
and STEA simulator (b). 
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Both pictures show the similarity of the transient processes simulated by 
two different methods. One can notice a slight delay in pins heating 
simulated by STEA simulator of the beginning of the transient process. This 
delay is due to heat expansion across the chip. The results obtained by the 
original method don’t reflect such delay expressively. Both figures show that 
the transient thermal process takes approximately 1.5 sec; after this time the 
temperature regime of the test structure can be considered as a steady state 
one. 



6. CONCLUSIONS 

High power densities and significant resulting temperature values 
encountered in modem microelectronic systems induced still increasing need 
for CAD tools, which would allow the consideration of thermal phenomena 
in the process of electronic system design. In order to compute the 
temperature distribution in a stmcture, the heat equation must be solved. 
There are two main groups of methods for solving the equation: numerical 
and analytical ones. Most commercial thermal simulators are based on 
numerical methods. Although these methods render possible analysis of 
complex shapes, solutions depend strongly on the choice of structure 
meshing. Another disadvantage of numerical methods is that, in order to 
obtain acceptable accuracy, it is necessary to use dense discretization mesh, 
which is computationally inefficient and time consuming. Therefore, since 
microelectronic circuits have usually simple geometry, it is worth 
considering the possibility to model such structures analytically. 

This paper present modeles, methods and software for thermal 
simulation of two typical constructions of MES, namely, hybrid circuits with 
add-on elements and flip-chip structures. Thermal models of those 
microelectronics systems in the form of multilayer structures with heat 
sources and analytical approach for investigation of the models have been 
developed. The main results and conclusions can be summarised as follows. 

1. The problem of MES’ s thermal field analysis has been formalized. Our 
method of the initial and boundary problem formalization makes it possible 
to take into account various boundary conditions and apply this analysis in 
system design. The combination of numerical and analytical methods has 
been developed for the solution of 3-D parabolic equations. This 
combination allows for both the steady-state and non-steady-state solutions 
as well as approximations in boundary conditions along the Z coordinate of 
the nonhomogeneous functions and their derivatives along the X and Y 
coordinates. 

2. The mathematical models of the steady-state and transient heat 
exchange processes in the flip-chip structures are described. The models are 
based on the analytical solution of the conjugate transient heat exchange 
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problem for the die and substrate. The essenee of the new method is in the 
presentation of the sought funetion of four variables in the form of linear 
expansion along the z eoordinate and finding two funetions with three 
variables. The aeeuraey of the model is validated by eomparison with the 
ealeulation results of the transient temperatures in flip-ehip strueture by the 
thermal-eleetrieal analogy method. The ealeulation error obtained doesn’t 
exeeed 10-15% in any time point. Also the same test strueture is modelled 
by the analytieal method in steady-state regime. The error is up to 2%. The 
mathematieal model developed is to be used for investigation and analysis of 
the transient thermal fields in the flip-ehip struetures in mieroeleetronies 
designing. 

3. The system “MONSTR” for MES’s thermal design has been developed 
and applied to several praetieal applieations; the system allows for the 
reduetion in the development time and for the improvement in the quality of 
ES’s.The praetieal value of the eleetro-thermal simulation methodology 
presented above lies in the following possibilities: to determine real 
temperature values at any point of the 3-D strueture MES’s; to test MES’s 
simulation for eonditions of external and internal thermal fields infiuenee 
and thermal shoeks (whieh replaees the expensive physieal experiments); to 
perform the optimization of parameters by taking into aeeount loeal 
temperature values; to ealeulate temperature toleranees of element 
parameters; to perform statistieal analysis of thermal fields with struetural 
and eleetro-thermal parameter variations. 

4. The iTSim network CAD tool is developed and is intended for the 
distributed thermal design of mieroeleetronie eomponents of different 
embodiments and produetion teehniques that are deseribed in the paper. 
iTSim solution is built on the basis of CORBA teehnology and provides 
thermal designers with the aeeess to the simulation engine via Internet. 
iTSim thermal design tool provides a thermal designer with a lot of faeilities 
that absent in exiting thermal simulation software. Among these faeilities 
everyone ean emphasize the implementation of various modeling methods, 
distributing the ealeulation tasks among servers in loeal network, multi-user 
working mode, eommon information data fund, the aeeess to the system via 
Internet, standard meehanisms for the integration with CAD/CAM systems, 
and others. Due these faeilities of the iTSim system it is possible to inerease 
the effieieney of designers’ work, improve the quality of thermal design 
solutions, and reduee time to the market for new mieroeleetronie produets. 

5. The aeeuraey of simulation is eomparable with the one obtained using 
numerieal methods but the eomputation time is mueh less beeause there is no 
need to solve a large set of differenee equations. An additional advantage of 
the analytieal approaeh is that the results do not depend on the ehoiee of 
strueture diseretisation mesh. The fundamental limitation is that those 
analytieal methods eannot be applied for struetures having eomplex shapes 
or boundary eonditions beeause then it is extremely diffieult to obtain the 
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solution formula and the model must be simplified, whieh may introduee 
exeessive simulation errors. 
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Abstract: The recent developments in micro-mechanical or micro-electro-mechanical 
(MEMS) systems have enabled the use of new transduction modes that involve 
mechanical energy and are based primarily on mechanical phenomena. As a re- 
sult, an innovative family of chemical and biological sensors has emerged. In this 
work we discuss the recent advances in cantilever transducers. While MEMS 
represents a diverse family of designs, devices with simple cantilever configura- 
tions are especially attractive as transducers for chemical and biological sensors. 
We discuss four important aspects of cantilever transducers, which include opera- 
tion principles and models, figures of merit, and applications. We also provide a 
brief analysis of historical predecessors of the modem cantilever sensors. 

Keywords: microcantilever, MEMS, micromechanical, resonance, deformation, transducer, 
stress, chemical sensor, biosensor, analyte, response mechanism, noise, thermo- 
mechanical, figures of merit. 



1. INTRODUCTION 

1.1 Definitions and Concepts 

New concepts of chemical sensors have been a subject of extensive re- 
search efforts in recent decades. According to established definitions, a 
chemical sensor consists of a physical transducer (i.e. a transducer of physi- 
cal quantities into convenient output signals) and a chemically selective 
layer (see Figure 1) so that measurable output signals can be produced in 
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response to ehemieal stimuli [1]. Speeifie binding sites present in ehemieally 
seleetive layers provide affinity of targeted analytes to the sensor aetive area. 
Highly seleetive reeeptor layers ean be designed using eoneepts of moleeular 
and biomoleeular reeognition (Figure IB). 




analyte delivery system 




Figure 1. Generalized structure a chemical sensor. (A) Schematic representation of a chemical 
sensor that produces an output signal in response to the presence of a target analyte. (B) A 
chemical sensor with a receptor layer that provides a highly selective response in biological 
sensors. 



The main fundamental transduetion modes used in ehemieal sensors are 
eategorized as [2, 3]: (a) thermal, (b) mass, (e) eleetroehemieal, and (d) opti- 
eal. Beeause eaeh of these deteetion modes is assoeiated with features that 
are eomplementary rather than eompetitive with eaeh other, the seareh for an 
“ideal transdueer” eontinued. During the last two deeades, advanees in mi- 
ero-eleetro-meehanieal systems (MEMS) have faeilitated development of 
sensors that involve transduetion of meehanieal energy and rely primarily on 
meehanieal phenomena [4-11]. Development of mierofabrieated eantilevers 
for atomie foree mieroseopy (AFM) [12] marked an important milestone in 
establishing effieient teehnologieal approaehes to MEMS sensors. However, 
the key eoneepts [13-18] as well as early experimental studies [19-24] re- 
lated to meehanieal transdueers for ehemieal sensors ean be traeed baek to 
the pre-MEMS era. 
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Functionality of MEMS sensors 
is based on mechanical 
movements and deformations of 
their micromachined components, 
such as single-clamped suspended 
beams (cantilevers), double- 
clamped suspended beams 

(“bridges”) or suspended 
diaphragms. Since the advent of 
scanning probe microscopy 
(SPM), fabrication and 

characterization of microscale 
cantilevers useful as AFM probes 
[12-25] has been a subject of 
extensive research efforts [26-28]. 
As a result of more recent 
advances in several converging 
areas of science and technology, 
not only a variety of sophisticated 
probes became available for SPM 
but also an innovative family of 
physical, chemical and biological 
sensors based on cantilever 
technology was shaped out [6, 9- 
11, 29-33]. While MEMS 

transducers span a great variety of 
designs [4], devices with very 
simple cantilever-type 

configurations appeared to be 
especially suitable as transducers 
of physical, chemical and 
biological stimuli into readily 
measured signals [29-34]. In 
Figure 2 (A-C), we show 

examples of different cantilever 
devices. Figure 2A illustrates sizes 
and shape of typical commercially 
available AFM cantilevers. 
Designs of cantilever devices vary 
substantially depending on their 
readout and desired parameters. 
For example, piezoresistive 
cantilevers are often U-shaped 
(Figure 2B) in order to provide a 




Figure 2. Examples of microcantilever 
devices. (A) Commercially available 
triangular microcantilevers used in 
AFM. (B) Piezoresistive single crystal 
Si microcantilever. (C) Cantilever with 
improved thermal isolation optimized 
for calorimetry. 
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proper path for electrical current. Very long and thin legs of the cantilever 
shown in Figure 2C improve thermal isolation of the device. 

The general idea behind MEMS sensors is that physical, chemical or bio- 
logical stimuli can affect mechanical characteristics of the micro-mechanical 
transducer in such a way that the resulting change can be measured using 
electronic, optical or other means [35]. In particular, microfabricated canti- 
levers together with read-out means that are capable of measuring 10'*^ to 
10'® m displacements can operate as detectors of surface stresses [5, 36-42], 
extremely small mechanical forces [43-46], charges [47-51] heat fluxes 
[5, 52, 53], and IR photons [54-61]. As device sizes approach the nanoscale, 
their mechanical behavior starts resembling vibrational modes of molecules 
and atoms (Figure 3). Scaling of cantilevers is associated with respective 
changes in their mass, frequency and energy content. In the nanomechanical 
regime, it is possible to attain extremely high fundamental frequencies ap- 
proaching those of vibrational molecular modes. Ultimately, very small 
nanomechanical transducers can be envisioned as human-tailored molecules 
that interact controllably with both their molecular environment and readout 
components. Nanomechanical resonators with mass of 2.34x10“’* g and 
resonance frequency of 115 MHz were fabricated and displacement of 
2x10“’^ m Hz“’^^ were measured [62]. Mass sensitivity of only a few femto- 
grams was reported recently using nanoscale resonators [63]. 
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Figure 3. Spatial scaling of mechanical resonator is associated with respective scaling of 
masses, frequencies and energies. In the nanomechanical regime, it is possible to attain ex- 
tremely high fundamental frequencies approaching those of vibrational molecular modes. 
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In this work we use the terms “eantilever”, “mieroeantilever” and 
“bridge” to denote deviees sueh as single-elamped and double-elamped sus- 
pended beams of various sizes and shapes. For simplieity, we will mainly 
use the term “MEMS”, although derived terms, sueh as miero-opto-eleetro- 
meehanieal systems (MOEMS), and biologieal miero-eleetro-meehanieal 
systems (Bio-MEMS) eould also be justified in this eontent to emphasize 
speeifie features of eertain sensors based on mieromeehanieal transdueers. 



1.2 Early Work 

Studies of meehanieal phenomena assoeiated with ehanges in the ehemi- 
eal environment have a substantial historieal baekground. In 1924, Palmer 
[19] studied eoherenee of loosely eontaeting thin filaments indueed by elee- 
tromagnetie waves in presenee of different gases and analyzed eorrelation 
between the observed responses and the heat of gas absorption. Almost at the 
same time, Meehan [21] observed adsorption- indueed expansion of yellow 
pine ehareoal exposed to earbon dioxide vapors and showed that this was a 
reversible proeess. Eater, Yates [64] eondueted similar studies on the expan- 
sion of porous glass exposed to non-polar gases sueh as Ar, N 2 , O 2 , H 2 and 
Kr. One of the first deseriptions of a ehemieal deteetor based on a eantilever 
meehanieal transdueer ean be found in the patent issued to Norton as early as 
in 1943 [14]. A further refinement of this prineiple deseribed by Norton was 
deseribed by Shaver in 1969 [15]. 

Meehanieal stresses and deformations produeed in response to a ehanging 
ehemieal environment have also drawn attention as a prineiple of powering 
miniature meehanieal deviees. For example, in the 1960s, Steinberg et al. 
[17] developed the eoneept of deviees that provide direet eonversion of 
ehemieal stimuli into meehanieal energy [18, 65]. Work on sueh deviees re- 
ferred to as mechano-chemical engines has not been pursued sinee then pri- 
marily beeause of the diffieulty assoeiated with mierofabrieation. Further- 
more, praetieal implieations of these deviees were limited until advanees in 
mieroteehnology and, more reeently, in MEMS opened up an opportunity to 
fabrieate miniaturized meehanieal eomponents routinely. 



1.3 From Macro- to Micro-Mechanical Transducers 

Eong before the advent of AFM, maeroseopie eantilever deviees and me- 
ehanieal resonators were used by many researehers as very sensitive trans- 
dueers and highly preeise oseillators. One of the earliest examples is an elee- 
tronie eireuit that provided a preeision time standard by using a maeroseopie 
tuning fork [66]. The use of maeroseopie eantilevers in ehemieal sensors ean 
be traeed baek to the 1940s [14]; Norton proposed a hydrogen deteetor based 
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on a macroscopic bimetallic plate. Norton’s work was revisited almost three 
decades later by Shaver [15] who also used large 100 mm long, 125 pm 
thick bimaterial cantilevers in a hydrogen sensor. A decade later, Taylor and 
co-workers from Oak Ridge National Laboratory studied bending induced by 
molecular adsorption of He, H2, NH3 and H2S on large nickel cantilevers 
(100 mm long) coated with 80 nm of gold [67]. The operation of sensors de- 
scribed by Norton and Shaver was based on very high solubility of hydrogen 
gas in palladium and concomitant expansion of the metal, i.e. the same phe- 
nomenon that was used recently in an integrated on-chip MEMS-based hy- 
drogen sensors [68]. Cantilever deflections observed in the studies of Taylor 
and co-workers were associated with adsorbate-induced stresses {i.e. a sur- 
face rather than bulk phenomenon) and indicated another fundamental 
mechanism [69] that was later utilized in a variety of cantilever-based 
chemical and biological sensors. Macroscopic cantilever transducers were 
also demonstrated to be rather sensitive calorimetric devices useful, for in- 
stance, as IR detectors. In 1957 Jones used a thin, few millimeter long metal- 
lic strip in order to detect IR radiation due to thermal expansion of the strip 
[70]. 

Optical means for measuring mechanical responses of macroscopic me- 
chanical transducers with sub-micrometer accuracy have existed since the 
1920s [20]. A difficulty associated with the use of macroscale cantilever 
transducers for practical applications was their extremely high susceptibility 
to external vibrations stemming from their large suspended masses and re- 
spectively low resonance frequencies. Cantilever transducers had attained 
little practical appeal until both microscopic cantilevers and more precise 
means for their readout became widely available. Significant technological 
challenges of microfabricated cantilevers prevented them from becoming 
widespread. Except for very few studies [71, 72], the idea of microfabricated 
transducers based on suspended resonating or deformable structures [16, 24, 
73-77] remained almost abandoned until the advent of AFM [12]. 



2. FUNDAMENTAL MODELS 

Cantilever-based sensors involve measurements of cantilever deflections, 
cantilever resonance frequencies and their damping characteristics. The vari- 
ety of transduction mechanisms that are involved in the functioning of canti- 
lever sensors is depicted in Figure 4. Depending on the measured parameter - 
cantilever deflection or resonance frequency - the mode of cantilever opera- 
tion can be referred to as either static or dynamic. Each of these modes, in 
turn, can be associated with different transduction scenarios (Figure 4). 
Static cantilever deflections can be caused by either external forces exerted 
on the cantilever (as in AFM) or intrinsic stresses generated on the cantilever 
surface or within the cantilever. While cantilever microfabrication technol- 
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ogy is capable of producing nearly stress-free suspended beams, additional 
intrinsic stresses may subsequently originate from thermal expansion, inter- 
facial processes and physicochemical changes. Cantilever sensors operating 
in the dynamic mode are essentially mechanical oscillators, resonance char- 
acteristics of which depend upon the attached mass as well as visco-elastic 
properties of the medium. For instance, adsorption of analyte molecules on a 
resonating cantilever results in lowering of its resonance frequency due to 
the increased suspended mass of the resonator. 




Figure 4. Conversion of input stimuli into output signals by cantilever transducers is associ- 
ated with a number of transduction mechanisms. Depending on the measured parameter - 
structural deformations or resonance frequency changes - the mode of sensor operation can be 
refereed to as either static or resonant. Each of these modes, in turn, can be associated with 
different transduction scenarios. 



Depending on the nature of the input stimuli, microcantilever sensors can 
be referred to as physical, chemical or biological sensors. The variety of 
transduction modes (Figure 4) stems from the fact that a stimulus of each 
type may affect the mechanical state of the transducer directly or may un- 
dergo one or several transformations before the measured mechanical pa- 
rameter of the transducer is affected. Cantilever transducers can detect 
chemical and biochemical species more directly due to adsorption-induced 
stresses [36, 38, 42, 78-81] or mass loading effects [63, 82, 83]. 

Modem MEMS sensors have much in common with their predecessors, 
such as resonant gate transistors [16, 24, 73-75, 84], acousto-mechanical 
resonance sensors [85-90] as well as macroscopic cantilever devices [13, 15, 
67, 91, 92]. In fact, more than 50 years separated some of the earliest ex- 
perimental [93] and theoretical [13, 94] studies on cantilever systems and the 
recognition of cantilevers as a platform for chemical sensors by the broader 
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research community [11, 34, 53, 95-99]. Due to this remarkable time span, 
well-established analytical models of cantilevers are now available and can 
be used to design and evaluate microcantilever transducers or analogous 
MEMS for chemical analytical applications. Furthermore, the classical mod- 
els of cantilever devices have been frequently revisited, refined and com- 
pared against the results of numerical computational methods that become 
widespread in recent years [41, 100]. Nevertheless, simple classical models 
remain very useful for understanding basic principles of MEMS sensors. 
Depending on the operation mode of a MEMS sensor, static or dynamic 
models are applicable. 

In the beginning of the 20* century, development of the elasticity theory 
by Timoshenko [13, 94] and experimental studies of thin films by Stoney 
[93] become major milestones in developing fundamental analytical models 
that would subsequently find wide applications in MEMS analysis. These 
classical models [13, 93] focused primarily on static deformations of purely 
elastic beams and plates have been revisited more recently [8, 39-41, 
101-104]. As applied to various cantilever sensors operating in the static 
mode, the expression for strain-induced deformations of bimaterial plates 
derived by Timoshenko [13] in the 1920s appeared to be of particular sig- 
nificance. 



2.1 Static Deformations 

In the absence of external gravitational, magnetic and electrostatic forces, 
cantilever deformation is unambiguously related to a gradient of mechanical 
stress generated in the device. Depending on a particular origin of this stress, 
analytical models suitable for quantitative analysis of microcantilever re- 
sponses may or may not be available. For instance, simple models are appli- 
cable to thermally induced stresses and concomitant deformations of micro- 
cantilevers made of two layered materials with different coefficients of 
thermal expansion. Theoretical evaluation of bimetal thermostats reported by 
Timoshenko [13] provided an analytical expression for the radius of curva- 
ture of a bimaterial cantilever as a function of a temperature change. This 
deformation resulting from unequal thermal expansion of each layer has 
been used extensively as an operation principle of thermostats and often re- 
ferred to as the bimetallic effect. Taking into account the length of the canti- 
lever, /, the respective defection of the tip, Az [= /^/ (27?)], can be expressed 
as 
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where tj and t 2 is the thiekness of the two layers of the bimaterial plate, E\ 
and E 2 are the Young’s moduli, and ai, and a 2 are the thermal expansion 
eoeffieients for the materials of these layers, respeetively. While the objee- 
tive of Timoshenko’s original work was evaluation of bimaterial thermo- 
stats, a strain indueed deformation is also an important response meehanism 
of eantilever based ehemieal sensors in whieh a ehemieally seleetive layer 
undergoes expansion upon interaetion with its ehemieal medium [104], 

Femto-Joule level ealorimetrie sensitivity of eonventional AFM eantile- 
vers demonstrated experimentally by Barnes et al. is eonsistent with the 
theoretieal predietions made using Equation (1) [52]. As applied to ehemieal 
and biologieal sensors, eantilever based ealorimetry enables two transduetion 
seenarios (Figure 4). First, the presenee of analyte speeies ean be deteeted 
due to the heat assoeiated with their adsorption on the transdueer. Seeond, 
the heat produeed in the eourse of a subsequent ehemieal reaetion on the 
eantilever surfaee ean be eharaeteristie of the analyte presenee. However, 
moleeular adsorption proeesses and interfaeial ehemieal reaetions may also 
affeet meehanieal stresses in thin plates more direetly and independently of 
the thermal effeets. Apart from fundamental interest in the direet eonversion 
of ehemieal energy into meehanieal energy [18], this meehanism means that 
eantilever transdueers are eompatible with many responsive phases and ean 
funetion in both gas and liquid environments. 

It has been known sinee the 1960s that moleeular and atomie adsorbates 
on atomieally pure faees of single erystals tend to induee signifieant surfaee 
stress ehanges. Long before the first mierofabrieated eantilevers were ere- 
ated, ehanges in surfaee stresses in these systems had been studied by meas- 
uring minute deformations of relatively thin (up to 1 mm) plates. Using this 
method, often referred to as the beam-bending teehnique [38, 91, 92], Koseh 
et al. studied [105, 106] surfaee stress ehanges indueed by adsorption of at- 
oms on atomieally pure surfaees in vaeuum. Using the Shuttleworth equation 
[69], the surfaee stress, cr, and surfaee free energy, y, ean be interrelated 



(j = y + 






( 2 ) 



where <7 is the surfaee stress. The surfaee strain ds is defined as ratio of 
ehange in surfaee area, ds^dAIA. In many eases, the eontribution from the 
surfaee strain term ean be negleeted and the free energy ehange approxi- 
mately equals the ehange in surfaee stress. 

Adsorbate and ehemieally indueed surfaee stresses have also been exten- 
sively studied with regard to their role in eolloidal systems. Important exam- 
ples of eolloidal phenomena assoeiated with the surfaee stress ehanges in- 
elude swelling of hydrogels upon hydration or formation of surfaetant 
monolayers at the air-water interfaee [107]. Fundamental studies of adsorp- 
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tion and absorption induced mechanical phenomena, however, had limited 
implications for chemical sensors until mass produced microcantilevers for 
AFM became widely available. As compared with their macroscopic prede- 
cessors, microcantilevers coupled with the optical lever readout greatly sim- 
plified real-time measurements of surface stress changes in the low mN m’’ 



range. 

Cantilevers intended for use as chemical sensors are typically modified so 
that one of the sides is relatively passive while the other side exhibits high 
affinity to the targeted analyte. In order to understand how different modify- 
ing coatings provide responses of cantilever sensors in the static bending 
mode, it is useful to consider the three distinctive models. The first model is 
most adequate when interactions between the cantilever and its environment 
are predominantly surface phenomena. 

In general, changes in surface stresses can be largely attributed to 
changes in Gibbs free energy associated with adsorption processes. An ex- 
ample of this situation is given in Figure 5, where chemisorption of straight- 
chain thiol molecules on a gold coated cantilever is schematically depicted. 
Since spontaneous adsorption 
processes are driven by an ex- 
cess of the interfacial free en- 
ergy, they are typically accom- 
panied by reduction of the in- 
terfacial stress. In other words, 
surfaces usually tend to expand 
(see Figure 5) as a result of ad- 
sorptive processes. This type of 
surface stress change is defined 
as compressive, referring to a 
possibility of return of the sur- 
face into the original com- 
pressed state. The larger the 
initial surface free energy of the 
substrate, the greater the possi- 
ble change in surface stress re- 
sults from spontaneous adsorp- 
tion processes. Compressive 
surface stresses were 
experimentally observed on the 
gold side of gold coated canti- 
levers exposed to vapor-phase 





Figure 5. Schematic depiction of chemisorption 



alkylthiols [80, 81]. 

In many cases, adsorbate- 
induced deformations of thin 
plates can be accurately using a 



of straight-chain thiol molecules on a gold 
coated cantilever. Spontaneous adsorption proc- 
esses are driven by an excess in the interfacial 
free energy, and accompanied by reduction of 
the interfacial stress. 
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modification of the relationships originally derived by Stoney [93, 101]: 



R 



di-^) 

Et^ 



Ac 



( 3 ) 



where R is the radius of microcantilever curvature, v and E are Poisson’s 
ratio and Young’s modulus for the substrate, respectively, t is the thickness 
of the cantilever, and S<J is the differential surface stress. Knowledge of the 
radius of curvature, R, allows the tip displacement of a microcantilever with 
length / tip to be determined by 
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Figure 6. Schematic depiction of analyte-induced 
cantilever deformation when the surface is modi- 
fied with a thicker analyte-permeable coating that 
undergoes swelling in presence of analyte mole- 
cules. 



When adsorbate-induced stresses are generated on ideal smooth surfaces 
or within coatings that are very thin in comparison to the cantilever, the 
analysis according to Equation 
(4) is rather straightforward. 

Using Equation (4), the predic- 
tions for the cantilever bending 
can be based on the expected 
surface stress change. Alterna- 
tively, responses of cantilever 
sensors converted into surface 



stress changes can be analyzed 
as the measure of the coating 
efficiency independently of the 
transducer geometry. 

The second model of ana- 



lyte-induced stresses (Figure 6) 
is applicable for a cantilever 
modified with a much thicker 
than a monolayer analyte- 
permeable coating [108, 109]. 

Taking into account interac- 
tions of the analyte molecules 
with the bulk of the responsive 
phase, a predominant mecha- 
nism of cantilever deflection 
can be described as deforma- 
tion due to analyte-induced swelling of the coating (Figure 6). Such swelling 
processes can be quantified using approaches developed in colloidal and 
polymer science, i.e. by evaluating molecular forces acting in the coating 
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and between the eoating and the analyte speeies. In general, dispersion, elee- 
trostatie, sterie, osmotie and solvation forees [107], aeting within the eoating 
ean be altered by absorbed analytes. Depending on whether it is more appro- 
priate to deseribe the responsive phase as solid or gel-like, these altered 
forees ean be put into aeeordanee with, respeetively, stress or pressure 
ehanges inside the eoating. An in-plane eomponent of this ehange multiplied 
by the eoating thiekness yields an apparent surfaee stress ehange that ean be 
used in Stoney's model [Equation (4)] in order to estimate defleetions of a 
eantilever eoated with thin, soft, responsive films. It is important to note that 
the magnitude of apparent surfaee stress seales up in proportion with the 
thiekness of the responsive phase. 

The third model (Figure 7) is most relevant to nanostruetured interfaees 
and eoatings, sueh as surfaee-immobilized eolloids, that have been reeently 
reeognized as a very promising elass of ehemieally responsive phases for 
eantilever sensors and aetuators [63, 110-114]. It is worthy to note that grain 
boundaries, voids, and impurities have been long known as being responsi- 
ble for high intrinsie stresses in disordered, amorphous and polyerystalline 
fdms [105]. 

Analyte-indueed defleetions 
of eantilevers with struetured 
phases (Figure 7) eombine 
meehanisms of bulk, surfaee, 
and inter-surfaee interaetions 
[107]. A eombination of these 
meehanisms faeilitates effieient 
eonversion of the energy of re- 
eeptor-analyte interaetions into 
meehanieal energy of eantilever 
bending. Reeent studies demon- 
strated that up to two orders of 
magnitude inereases in eantile- 
ver responses ean be obtained 
when reeeptor moleeules are 
immobilized on nanostruetured 
instead of smooth gold surfaees 
[113, 115, 116]. Furthermore, 
nanostruetured responsive 

phases offer an approaeh to sub- 
stantially inerease the number of 
binding sites per eantilever with- 
out eompromising their aeeessi- 
bility for the analyte. In faet, 
many of these nanostruetured phases exhibit behaviors of molecular 
sponges. Although defleetions of eantilevers with nanostruetured eoatings or 





Figure 7. Schematic depiction of analyte- 
induced cantilever deformation in the case of a 
structured responsive phase. Bulk, surface, and 
inter-surface interactions are involved in the 
response mechanism. 
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thicker hydrogel layers cannot be accurately predicted using the analytical 
models mentioned above, estimates for the upper limit of the mechanical 
energy produced by any cantilever transducer can always be based on simple 
energy conservation. This upper limit in available energy is given by the 
product of the energy associated with the binding site-analyte interaction and 
the number of such interactions on the cantilever surface. 



2.2 Resonant Operation 



Cantilever transducers operating in gases or in vacuum can be treated as 
weakly damped mechanical oscillators. Their resonant behavior can be read- 
ily observed using excitation in alternated electric, electromagnetic or acous- 
tic fields. Furthermore, minute sizes and mass of microfabricated cantilevers 
makes them susceptible to thermally induced noise, which has the same ori- 
gin as Brownian motion of small particles in liquids. Therefore, cantilever 
sensors may operate in the resonant mode either with or without external 
excitation. 

As a first approximation, it can be assumed that the cantilever tip dis- 
placement is directly proportional to the force exerted on the cantilever tip. 
Then, a simplified model of a resonating cantilever transducer can be based 
on the Hook’s law applied to a rectangular leaf spring with an effective sus- 
pended mass nio and a spring constant k. The effective suspended mass of a 
cantilever can be related to the total mass of the suspended portion of the 
beam, nib, through the relationship: mo = n mt, where n is a geometric pa- 
rameter. For a rectangular cantilever, n has a typical value of 0.24 and the 
spring constant k is given by [35]: 



k - 



Ewt^ 

4 /' 



( 5 ) 



where £' is the modulus of elasticity for the material composing the 
cantilever and w, t, I are the width, thickness and length of the cantilever, 
respectively. Assuming a spring constant k and an effective suspended mass 
mo, which consists of both a concentrated and a distributed mass, the micro- 
cantilever fundamental resonance frequency, fo, in absence of damping can 
be approximated as [35] 



/o- 




( 6 ) 



Equation (6) is often used as a starting point in estimating the mass sensi- 
tivity of resonating cantilever sensors of various shapes and sizes [63, 82, 83, 
95, 117, 118]. As a rule. Equation (6) gives a good approximation of the 
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resonance frequency for a weakly damped mechanical resonator, such as a 
microscopic cantilever in air. However, more accurate calculations of the 
microcantilever resonance frequencies require the dissipation of the resona- 
tor energy through various mechanisms to be taken into account. This can be 
done by introducing a mechanical quality factor (g-factor). In the case of 
damping force being proportional to the cantilever velocity (viscous damp- 
ing), the resonance frequency of the mechanical resonator is [35, 1 19]. 




1 rr V2g-i 



(V) 



When Equations (6) and (7) are used to analyze gravimetric responses of 
resonating microcantilever transducers, it is reasonable to assume that the 
spring constant, k, remains unaffected. 

In summary, the resonant operation of cantilever transducers encom- 
passes three mechanisms: (i) adsorbate-induced mass-loading, (ii) chemi- 
cally induced changes in the cantilever stiffness, and (iii) mechanical damp- 
ing by the viscous medium. A more detailed discussion of various damping 
mechanisms in microcantilever transducers related to external as well as in- 
trinsic dissipation phenomena is given in the next section. 



2.3 Energy Dissipation in Microcantilevers 

Mechanical deformations in MEMS always involve appreciable dissipa- 
tion of mechanical energy into thermal energy. Mechanisms that determine 
this dissipation are related to inelastic phenomena in solids and viscous 
properties of fluids [120]. In analogy to other types of resonators, the me- 
chanical quality factor (or g-factor) is commonly used to quantify energy 
dissipation in MEMS. The g- factor is inversely proportional to the damping 
coefficient [121] or total energy lost per cycle of vibration in a microcantile- 
ver transducer and can be defined as 



Q = 



IttWo 

AW 



( 8 ) 



where Wgand AWo are, respectively, the mechanical energy accumulated and 
dissipated in the device per vibration cycle. 

It is important to emphasize that both the resonance behavior of any mi- 
crocantilever and its off-resonance thermal noise are critically dependent on 
the g-factor [58, 121-126]. Therefore, the g-factor, is one of the important 
characteristic of MEMS sensors operating in both resonance and static re- 
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gimes. Based on the speetral analysis, the g-faetor ean be ealeulated as a 
ratio of the resonanee frequeney, fo, to the width of the resonanee peak at its 
half amplitude. Henee, g-faetor is frequently used to eharaeterize the degree 
of the resonanee peak sharpness. Alternatively, g-faetors of meehanieal os- 
eillators ean be related to time eonstants of exponentially deeaying oseillator 
amplitude during a ring-down proeess [125] 

Q = ( 9 ) 

where r^is the time eonstant of the exponentially deeaying ring-down ampli- 
tude. 

The g-faetor of mieroeantilevers depends on a number of parameters, 
sueh as eantilever material, geometrieal shape, and the viseosity of the me- 
dium. Obviously, inereased damping of a mieroeantilever oseillator by the 
medium translates into lower g-faetor values [127] as eompared to the same 
oseillator in vaeuum. Models of drag forees exerted on solid bodies in fluids 
[120, 128, 129] ean be used to evaluate viseous damping effeets. A very im- 
portant distinetive feature of viseous damping is that the damping foree is 
proportional to the linear veloeity of the vibrating eantilever. The other 
damping meehanisms, involving elamping loss and internal frietion within 
the mieroeantilever, were reviewed in reeent studies by Yasumura et 
a/. [125]. As a rule, these dissipation meehanisms are assoeiated with damp- 
ing forees independent of the linear eantilever veloeity. Clamping loss has an 
insignifieant eontribution to the total dissipation in the ease of longer miero- 
eantilever with high length-to-width and width-to-thiekness ratios. However, 
ultimate minimization of elamping loss ean be aehieved in oseillators with 
double-paddle or “butterfly” geometries [130] rather than single-elamped 
eantilevers or double-elamped bridges. Henee, fundamental studies of intrin- 
sie frietion effeets in MEMS often rely on measurements of resonanees in 
double-paddle resonators, g-faetors as high as 10^ were reported for tor- 
sional butterfly-shaped resonators fabrieated from a single-erystal silieon 
[131-133]. 

Internal frietion ean be linked to a variety of physieal phenomena, in par- 
tieular, thermo-elastie dissipation (TED) [128] motion of lattiee defeets, 
phonon-phonon seattering, and surfaee effeets [134, 135]. The TED limit 
and phonon-phonon seattering meehanisms eorrespond to very high Q- 
faetors (10® to 10*), whieh ean hardly be observed experimentally due to the 
eontribution from other dissipation meehanisms present in real MEMS. The 
faet that surfaee effeets may limit g-faetors of MEMS oseillators in vaeuum 
ean be verified by annealing the deviee and eontrollably ehanging its sur- 
faee As the thic kn ess of the oscillator decreases, TED becomes even a 
less significant mechanism of dissipation [125]. 

As mentioned previously g-factors of MEMS resonators in vacuum can 
be very high [133, 136]. However, g-factors of rectangular mieroeantilevers 
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in air are typically in the range of 10 to 1000 while cantilever transducers in 
aqueous solutions rarely have g- factors above 10. Very strong viscous 
damping in liquids makes resonant operation of microcantilevers, and, in 
turn, measurements of adsorbed mass using microcantilever sensors, rather 
challenging. 



3. COMMON READOUT SCHEMES 

Operation of any cantilever sensor relies on real-time measurements of 
cantilever deflections with at least nanometer accuracy. Therefore, an impor- 
tant part of any cantilever sensor is a read-out system capable of monitoring 
changes in one of the parameters directly related to the cantilever deflection. 
Such parameters include cantilever tip position, spatial orientation, radius of 
curvature, and intrinsic stress. Specific requirements for the read-out of can- 
tilever sensors can be dictated by the operation mode (either static or dy- 
namic), cantilever design and materials used as well as the magnitude of ex- 
pected responses. In this section, we discuss means of cantilever readout that 
can be broadly classified as optical and electrical [35]. Using optical, piezore- 
sistive, piezoelectric, capacitance, or electron tunneling methods [35], de- 
formations and resonance frequency shifts of cantilever transducers can be 
measured with sufficient precision. All these methods are compatible with 
array formats. 

In order to insure the best possible performance of cantilever sensors, in- 
herent advantages and disadvantages of different readout techniques were 
analyzed in recent studies. The optical beam deflection method was shown 
to have excellent readout efficiency in the case of cantilevers with a reflect- 
ing area of at least a 10x10 pm^. Optical readout techniques may, however, 
be inefficient when applied to nanocantilevers. The shortcomings of some 
optical techniques, in particular the optical deflection method, are related to 
loss of intensity and directionality of optical beams reflected (scattered) by 
nanosize cantilevers. By contrast, electron transfer methods can be used with 
cantilevers that are only a few hundred nanometers long. An important issue 
still to be addressed is the readout of nanocantilevers arranged in dense ar- 
rays. Among already explored readout methods, a charge shuttling method is 
one of well suited for nanocantilevers arrays. The basic concept of this 
method is similar to electrostatic charge shuttling demonstrated by Tuomi- 
nen et al. [137]. However, implementation of electron transfer signal trans- 
duction in aqueous environments is challenging. Electroactive ions in elec- 
trolytes tend to cause parasitic currents that overwhelm electron transfer sig- 
nal. These leakage currents, however, can be significantly reduced by using 
proper insulation, reducing bias voltage, and controlling electroactive ions in 
the solution. 
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3.1 Optical Methods 

It is noteworthy that cantilever sensors inherited not only the unique ad- 
vantages of a microfabricated AFM probe, but also the elegant “optical 
lever” read-out scheme commonly used in modern AFM instruments. Optical 
methods most extensively used for measurements of cantilever deflections in 
AFM [138-142] include optical beam deflection (also referred to as the “op- 
tical lever” method) [139] and optical interferometry [138-140]. In the opti- 
cal beam deflection technique, a laser diode is focused at the free end of the 
cantilever. The optical lever method proposed for the use in AFM by Amer et 
al. [139] appeared to be simpler and at least as sensitive as more complex 
interferometric schemes. In Amer’s studies [139], a small mirror was at- 
tached to a cantilever (made then out of a tungsten wire) so that a position of 
a laser beam bounced off this mirror could be monitored using a position 
sensitive photodetector (PSD). This optical detection scheme (Figure 8) can 
discern extremely small changes in the cantilever bending; measurements of 
10’’"^m displacements were reported. A most common type of PSD is based 
on a quadrant photodiode that consists of four cells: A, B, C, and D. Each of 
the cells is coupled to the input of a transimpedance amplifier the output 
voltages of which. Fa, Fb, Fc , and Fd, are proportional to the illumination of 
the respective quadrant. The 
normalized differential output. 

Font = [(Fa +Fc ) - (Fb +Fd) / (Fa 
-I- Fb + Fc + Fd)], depends line- 
arly on the vertical displacement 
of the weighted center of the 
light spot projected by the canti- 
lever. Absence of electrical con- 
nections to the cantilever, linear 
response, simplicity and reliabil- 
ity are important advantages of 
the optical lever method. As this 
method has been used in vast 
majority of the work on cantile- 
ver sensors, its limitations are Figure 8. The “optical lever” readout corn- 

well recognized. For instance, monly used to measure deflections of micro- 

changes in the optical properties fabricated cantilever probes in AFM. 
of the medium surrounding the cantilever may interfere with the output sig- 
nal. This interference can largely be avoided by using a proper orientation of 
the cantilever relative to the optical components as discussed in the recent 
paper of the authors [116]. The effect of the refractive index change as well as 
other interfering factors can be further suppressed by using differential pairs 
or arrays of cantilevers. However, applications of cantilever sensors with the 
optical lever readout are limited to analysis of low opacity, low turbidity me- 
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dia. Another limitation of the optieal lever method is related to the bandwidth 
of PSDs, whieh typieally on the order of several hundred kHz. 

As the requirements of the high bandwidth beeome more eritieal in the 
ease of smaller and stiffer eantilevers that operate in the resonant mode, al- 
ternatives to the optieal lever readout were explored. For instanee, motion of 
a mieroseopie strueture, sueh as a eantilever, illuminated with a tightly fo- 
eused laser beam, produees ehange in the spatial distribution of the refleeted 
and/or seattered light. A simple spot photodeteetor alone or in eombination 
with a knife-edge obstaele ean be used to monitor these intensity fluetuations 
[143]. The readout bandwidth of this method ean be extended into the GHz 
range by using a small area, high-speed avalanehe photodiode. Approaehes 
based on a single photodeteetor and light seattering, however, suffer from the 
interferenee with ambient light, nonlinear response, and a poorly eontrollable 
optieal gain. More aeeurate high-band width optieal measurements of 
eantilever defleetions ean be earried out using interferometrie sehemes. 
Notably, interferometry was the first optieal teehnique used for 
measurements of eantilever defleetions in AFM. Interferometry was revisited 
as a MEMS readout and eharaeterization tool more reeently beeause of its 
potential for high bandwidth high-resolution mapping of nanometer seale 
motions of small eantilevers [45, 138] arranged in large 2-D arrays. Notably, 
Rugar et al. [44, 138] used interefrometry to measure sub-nanometer 
defleetions of the ultrasensitive eantilevers designed for ultrasensitive foree 
measurements that eould ultimately permit single-spin magnetie resonanee 
magnetic resonance microscopy. 

Optical detection techniques were also used in order to simultaneously 
read out large arrays of bimaterial cantilevers that found applications in IR 
imaging [59, 61]. In the case of a cantilever array, a light source illuminates 
the whole array so that the reflected light can be either directly analyzed by a 
CCD-camera or combined with the reference beam to produce an 
interferogram. 



3.2 Piezoresistance Method 

Piezoresistivity is the phenomenon of ehanges in the bulk resistivity with 
applied stress. When a silieon mieroeantilever with an appropriately shaped 
doped region is deformed, the ehange in the resistanee of the doped region 
refleets the degree of the deformation. The most eommon materials that ex- 
hibit a strong piezoresistive effeets are doped single erystal silieon [54, 144- 
146] and doped polysilieon [97, 147]. 

The variation in resistanee is typieally measured by ineluding the eantile- 
ver into a de -biased Wheatstone bridge. 
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Typical resistance of a single crystal silicon microcantilever with a boron 
doped channel is a few kQ . When a bias, V, is applied to the Wheatstone 
bridge with resistors of identical initial resistance, R, the differential voltage, 
AT, across the bridge can be expressed as AF= V {IsRIAR). 

Piezoresistive cantilevers are often designed to have two identical “legs” 
so that the resistance of the boron channel can be measured by applying con- 
tacts to the cantilever base next to the legs (see Figure 2b). Figure 9 shows an 
example of a single crystal Si 
piezoresistive cantilever that is 
used in AFM and has a more 
common rectangular shape. 

Typical piezoresistive cantile- 
vers have a piezoresistive layer 
that is at least one hundred na- 
nometers thick which imposes a 
constrain on the minimum thick- 
ness of the microcantilever. An- 
other disadvantage of the pie- 
zoresistive technique is that it 
requires current to flow through 
the cantilever. This results in ad- 
ditional dissipation of heat and 
associated thermal drifts. When 
the cantilever is heated apprecia- 
bly above the ambient tempera- 
ture, any changes in the thermal conductivity of the environment will result 
in fluctuations of the cantilever temperature that, in turn, may lead to para- 
sitic cantilever deflection and piezoresistance changes. 




Figure 9. An example of a piezoresistive 
cantilever that can be used in both AFM and 
cantilever sensors. 



3.3 Piezoelectric Method 

Piezoelectric readout technique requires deposition of piezoelectric mate- 
rial, such as ZnO, on the cantilever. Due to a piezoelectric effect, transient 
charges are induced in the piezoelectric layer when a cantilever is deformed 
[7, 148-150]. Lee and White [151] created piezoelectric cantilevers with 
resonances in the acoustic frequency range. The piezoelectric cantilever used 
in these studies had a zinc oxide (ZnO) piezoelectric thin fdm sandwiched 
between two aluminum layers on a supporting layer of silicon nitride. A few 
years later, Lee et al. [152] micromachined piezoelectric cantilevers using 
PZT fdms. More recently, Adams et al. [153] demonstrated a microcantilever 
chemical detection platform based on an array of piezoelectric microcantile- 
vers with a power consumption in the nano watts range. Lee et al. [152] re- 
ported that micromachined piezoelectric cantilevers 100 pm wide and 
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200 |j,m long and 2.1 |j,m thick had a gravimetric sensitivity of 300 cm^/g, 
which enabled detection of 5 ng mass. Characterization of the gravimetric 
sensitivities in this study was conducted by depositing known amount of gold 
on the backside of the cantilevers. 

The main disadvantage of the piezoelectric as well as piezoresistance 
readout is that they require electrical connections to the cantilever. An addi- 
tional disadvantage of the piezoelectric technique is that in order to obtain 
large output signals it requires the thickness of the piezoelectric fdm to be 
well above the values that correspond to optimal mechanical characteristics. 
Furthermore, the piezoelectric readout is inefficient when slowly changing 
cantilever deflections need to be measured. Because of the aforementioned 
disadvantages, application of piezoelectric readout to MEMS sensors is 
somewhat limited. 



3.4 Capacitance Method 

Capacitance readout is based on measuring the capacitance between a 
conductor on the cantilever and another fixed conductor on the substrate that 
is separated from the cantilever by a small gap [57, 98, 154]. Changes in the 
gap due to cantilever deformation result in changes in the capacitance be- 
tween two conductor plates. Since the capacitance of a flat condenser is in- 
versely proportional to the separation distance, sensitivity of this method re- 
lies on a very small gap between the cantilever and the substrate. Capacitance 
readout suffers from interference with variations in the dielectric constant of 
the medium [155]. While differential schemes may eliminate this interfer- 
ence, electrically conductive media, such as electrolytes, make capacitance 
readout more challenging. One of the main advantages of capacitance read- 
out is that it can be used in integrated MEMS devices that are fully compliant 
with standard CMOS technology. An interesting variation of the capacitance 
methods is the “electron shuttling” regime that is especially promising for 
nano-electro-mechanical systems. For instance, Erbe et al reported on the 
“quantum bell” [156, 157] that consists of five metal-coated cantilever struc- 
tures and operates in the radio frequency range. 



3.5 Electron Tunneling Method 

Electron tunneling was utilized to measure the deflection of cantilevers in 
AFM [35]. The tunneling occurs between a conducting tip and the cantilever 
separated by a subnanometer gap. The tunneling current is very sensitive to 
the size of this gap and, therefore, deformations of the cantilever. This cur- 
rent can be described as [158-159]. 
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IazVe~^^ (10) 

where V is the bias voltage, 0 is the height of the tunneling barrier, s is the 
tunneling gap distanee, and a is a eonversion faetor with a value of 
1.025 A’' eV'^^. Fortypieal values of (Pand s, the tunneling eurrent inereases 
by one order of magnitude for eaeh 0.1 nm ehange in s [158]. Using an elee- 
tron tunneling readout teehnique, eantilever displaeements as small as 
lO'”* nm have been measured [158]. Extremely high sensitivity of the tunnel- 
ing readout is assoeiated with its nonlinear response and a limited dynamie 
range. It is also worthy to note that tunneling proeesses are sensitive to the 
nature of materials between whieh the tunneling proeess oeeurs, whieh often 
translated into ehallenging requirements to deviee implementation. Despite 
its well known limitations, eleetron tunneling readout was sueeessfully used 
in aeeelerometers [158], infrared sensors [160] and magnetie field sensors 
[161]. 



4. FIGURES OF MERIT OF CANTILEVER 
TRANSDUCERS 

Some of the most important figures of merit of any ehemieal or biologieal 
sensor are responsivity, limit of deteetion (LOD), speeifieity, and reproduei- 
bility. Chemieal speeifieity of MEMS sensors may rely on the use of eertain 
responsive phases, sueh as polymers, self-assembled monolayers, or biologi- 
eal reeeptors that exhibit higher affinity to the targeted analytes. This relianee 
on the seleetive properties of responsive eoatings is a eommon feature of mi- 
eroeantilever sensors operating in both statie and resonant regimes. However, 
transduetion effieieney of the two regimes is dietated by very distinet models 
and meehanisms. Transduetion effieieney of the statie mode inereases when 
the stiffness of the eantilever is redueed. Therefore, longer eantilevers with 
very small spring eonstants are preferable for the use in the statie mode. On 
the other hand, the sensitivity of the resonant mode inereases progressively 
with the operation frequeney. As a rule, statie and resonant operation of the 
same mieroeantilever sensor is eharaeterized by the same speeifieity but dif- 
ferent responsivities and EODs. The fundamental limits of mieroeantilever 
ehemieal transdueers are determined by ratios of their responsivities to the 
levels of intrinsie noise. The next two seetions foeus on the models speeifie 
to optimization of mieroeantilever sensors based on, respeetively, measure- 
ments of resonanee frequeney variations and adsorption-indueed deforma- 
tions. In partieular, noise sourees that influenee the smallest deteetable dis- 
plaeements and resonanee frequeney shifts are diseussed. 
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4.1 Responsivity of the Resonance-Based Transducers 

Although adsorption-induced stresses were extensively explored as a 
transduction principle in many cantilever sensors, the advantage of the reso- 
nant operation is that it can potentially provide mass detection at the single 
molecule level. The resonance frequency of a cantilever beam depends on its 
geometry as well as the elastic modulus and density of its material. By 
changing cantilever dimensions, its resonance frequency can be varied from 
hundreds of Hz to a few GHz (see Figure 3). For a given cantilevers mass, 
higher spring constants correspond to higher resonance frequencies. For a 
given cantilever thickness, shorter cantilevers have higher spring constants. 
Depending on the cantilever material, GHz resonance frequencies can be 
achieved, when the cantilever length is less than a few microns [62]. 

The dependence of the fundamental frequency on the cantilever parame- 
ters for a rectangular cantilever with dimension, /, w, and t, respectively, in 
length, width and thickness can be expressed as [35] 



1 I Ewt^ 

27t y 41^ (m^ -h0.24w tip) 



( 11 ) 



where p is the density of the adsorbate material and nic is the concentrated 
mass. The mass of the adsorbed material can be determined from the initial 
and final resonance frequency and the initial mass of the cantilever [162] 

Am fo “fi 1 Am 

or (12) 

Fq m Iq 2 m 



where fo and f\ are the initial and final frequency respectively and Am and m 
are adsorbed mass and initial mass of the cantilever, respectively. If the ad- 
sorption is not confined to the very end of the cantilever [82], Equation (12) 
should be modified in order to take into account the effective mass of the 
cantilever. For any geometry of a microcantilever sensor, the mass responsiv- 
ity can be defined as 



S 



m 



1 Af 1 df 

lim = 

at fo dr 



(13) 



where AAis normalized per active area of the device (A/"= tSm/A, where A is 
the active area of the cantilever). Equation (13) shows that the mass respon- 
sivity is the fractional change of the resonant frequency of the stmcture with 
addition of mass to the sensor. 




P. G. Datskos, N. V. Lavrik and M. J. Sepaniak 



353 



4.2 Responsivity in the Static Deformation Regime 

Adsorption-induced cantilever bending enabled some of the most sensi- 
tive detection of trace-level analytes in gases and is a preferable mode of can- 
tilever operation in liquids. A distinctive feature of microcantilever sensors 
operating in the static mode is that they convert a sum of weak intermolecu- 
lar forces involved in analyte-sensor interactions into readily measured dis- 
placements. This means, that the sensor may respond differently to the same 
amount of different analytes depending on the sensor-analyte affinity. Fur- 
thermore, adsorbate-induced stresses and associated deformations can be dis- 
tinguished from the bulk effects, such as changes in volume of thicker poly- 
mer films, which also lead to cantilever deformations. Currently, rigorous 
quantitative evaluation of the sensor responsivity according to these mecha- 
nisms is lacking. Semi-quantitative analysis of the static mode responsivity 
can be based on Equations (l)-(4) as reported in the literature [36, 104, 115, 
122]. In particular, a linear relationship between the cantilever tip displace- 
ment and the differential surface stress is given by Equation (4). According 
to Equation (4), there is a quadratic dependency of surface stress induced 
deflections on the microcantilever length. It is worthy to note that a quadratic 
dependency of microcantilever deflection responses on the microcantilever 
length is also predicted by Equation (1) for the case of stresses in the cantile- 
ver bulk. For microcantilever operating in the static mode, an increased 
length is, therefore, a prerequisite of high responsivity. This conclusion is 
consistent with the fact that microcantilevers 400 to 1500 pm long were suc- 
cessfully used in chemical sensors operating in the static mode [113, 115, 
163]. Equations (1) and (4) also indicate a strong effect of the thic kn ess of a 
microcantilever on its deflection responses. In fact, in the case of very thin 
responsive phases or purely surface interactions. Equation (4) predicts that 
deflection responses are inversely proportional to the total thickness of the 
microcantilever. However, more complex dependencies follow from Equa- 
tion (1) in the case of expanding coatings with the thicknesses comparable to 
the cantilever thickness. 



4.3 Intrinsic Noise Sources 

Noise processes in microcantilever sensors can be divided into processes 
intrinsic to the device and those related to interactions with its environment 
(for instance, adsorption-desorption noise) or originated from the readout. 
Here we focus on the intrinsic noise mechanisms since they determine ulti- 
mate fundamental limits of the microcantilever sensors performance. One of 
the essential features of microcantilevers is that they are mechanical devices 
(oscillators) that can accumulate and store mechanical energy. Over the past 
decades there have been extensive efforts to identify the fundamental intrin- 
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sic sources of noise in mechanical systems and identify the relationships be- 
tween parameters of the mechanical system and its noise level [123]. 

When a microcantilever detector is equilibrated with the ambient thermal 
environment (a thermal bath), there is a continuous exchange of the mechani- 
cal energy accumulated in the device and thermal energy of the environment. 
This exchange dictated by the fluctuation dissipation theorem results in spon- 
taneous oscillation of the microcantilever so that the average mechanical en- 
ergy per mode of cantilever oscillation is defined by thermal energy, k^T. 
Sarid [35] referred to this type of noise as “thermally induced lever noise”. In 
other words, any cantilever in equilibrium with its thermal environment has a 
“built-in” source of white thermal noise [164]. The amplitude of the resulting 
thermally induced oscillation of a cantilever beam is proportional to the 
square root of the thermal energy. As a result of the dynamic exchange be- 
tween cantilever mechanical energy and the ambient thermal energy, the ac- 
tual frequency, f, of thermally induced cantilever oscillations at any given 
moment can also noticeably deviate from the resonance frequency, fo. The 
amplitude of such frequency fluctuations, Sfo, due to the exchange between 
mechanical and thermal energy is [164] 



5f 



0 



1 



z 



max 



f2^rfJVTB 
^ kQ 



(14) 



where z^ax is the amplitude of the cantilever oscillations, Rb is the Boltzmann 
constant (1.38 x 10'^^ J/K), T is the absolute temperature (300 K at room 
temperature), B is the bandwidth of measurement, and k is the cantilever 
force constant. Equation (14) predicts increased absolute fluctuations of the 
resonance frequency, 5/o, as the resonance frequency fo increases. However, 
relative frequency instability, d>fo/fo, decreases in the case of higher frequency 
oscillators 



5fo _ 1 Ilnk^TB 
kQf„ 



(15) 



Although Equations (14) and (15) are valid for thermally excited cantile- 
vers, they can also be used to evaluate effects of thermal noise on the fre- 
quency instability of any externally driven cantilever [164]. As applied to 
cantilever sensors operating in the resonance mode, an important implication 
of Equations (14) and (15) is that frequency instability due to effects of ther- 
mal noise can be minimized by driving the transducer with the highest possi- 
ble amplitude. In the case of self-oscillating systems with a positive feed- 
back, however, an intrinsic g-factor should always be used in Equation (15) 
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since the amplitude of cantilever oscillation, Zmax, is already explicitly taken 
into account in this analysis. 

By changing the physical dimension of a cantilever, its mass detection 
limit can be affected by many orders of magnitude The smallest (thermal 
noise limited) detectable mass ISmth can be found by combining Equations (6) 
and (15) 
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( 16 ) 



where G is a geometrical factor that is close to unity and accounts for distri- 
bution of the added mass. 

Thermomechanical noise of microcantilevers is also known to be a fun- 
damental noise source in AFM [35, 122]. Similar analysis is applicable to 
microcantilever sensors operating in the static regime. The analysis provided 
by Sarid [35] involves the g-factor of a vibrating microcantilever, its angular 
resonance frequency, coo and stiffness, k. While g-factor can be defined em- 
pirically as the ratio of the resonance frequency to the resonance peak width, 
knowing the exact mechanisms of cantilever damping is important for 
evaluation of the thermo-mechanical noise spectrum. The model evaluated by 
Sarid [35] assumes that damping of the cantilever is of viscous nature. As- 
sumption of predominantly viscous damping is valid for microcantilevers in 
air or water and, therefore, justified for micromechanical devices used as 
force probes in SPM. In the case of a cantilever in a viscous medium, such as 
air or water, the damping force is proportional to the cantilever linear veloc- 
ity. The resulting noise density spectrum can be expressed as [121] 
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The expression given by Equation (17) predicts a frequency independent 
noise density for the frequencies well below the mechanical resonance fre- 
quency, coq, (i.e., CO « coq). At these low frequencies, the rms of the cantile- 
ver tip displacement due to thermo-mechanical noise is 
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However, at the resonance {i.e. co = coq) [35] 
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An alternative model for the thermomeehanieal model has been deseribed 
elsewere [121]. Majorama et al. [121] showed that the density of thermo- 
meehanieal noise follows a l//^^ dependenee below the resonanee when the 
damping is due to intrinsie frietion proeesses (see Figure 10, TM^ eurve). Our 
analysis shows that, regardless of the dissipation meehanism, the off- 
resonanee thermo-meehanieal noise is lower in the ease of mieroeantilevers 
with higher g-faetor and higher k. It should be emphasized that, while pre- 
dietions based on Equation (17) are often reported in the literature [124, 165], 
the noise density ealeulated aeeording to the two alternative models may sub- 
stantially deviate from eaeh other at low frequeneies [121, 166, 167], Fur- 
thermore, the intrinsie frietion model prediets the low frequeney noise to be 
independent of the eantilever resonanee frequeney provided that the stiffness, 
k, is eonstant. By eontrast, the viseous damping model prediets that the low 
frequeney noise of a mieroeantilever deteetor ean be deereased by inereasing 
its resonanee frequeney even without ehanges in its stiffness. Therefore, 
knowing the aetual meehanisms of meehanieal dissipation in the mieroeanti- 
lever deteetor ean be eritieal in analyzing thermo-meehanieal noise of miero- 
eantilever sensors. 




FREQUENCY, f (Hz) 



Figure 10. Spectral densities of thermo-mechanical and temperature fluctuation noise Theo- 
retical plots calculated for a 600 nm thick silicon nitride AFM cantilever coated with 50 nm of 
gold are shown along with the experimental data obtained for this cantilever. 
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In the case of layered (for instance bimaterial) microcantilever transducers 
an additional noise source need to be considered. This noise mechanism is 
related to the temperature sensitivity of bimaterial cantilevers [13, 53, 94] 
and the fact that local temperature undergoes appreciable fluctuation at the 
microscopic scale. As discussed previously by Kruse [168], the mean square 
magnitude of these temperature fluctuations is 

< 5T" >- ^ (20) 

C 

where C is the total heat capacity of the microcantilever. The temperature 
fluctuation <Sf^> of Equation (20) is the integration over all if equencies 
where /= co/2ti: . The spectral density of the root mean square (rms) tempera- 
ture fluctuations is given by [168] 
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where G is the thermal conductance of the principal heat loss mechanism. 

Temperature fluctuation noise of the cantilever detector manifests itself as 
a fluctuation in z and exhibits a frequency dependence influenced by both the 
thermal response and the mechanical response of the microcantilever. The 
spontaneous fluctuations in displacement of the microcantilever caused by 
temperature fluctuations are given by 
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Figure 10 illustrates the spectral densities of both thermo-mechanical and 
temperature fluctuation noise and compares these theoretical dependencies 
with the experimentally measured noise behavior of a standard silicon nitride 
AFM cantilever. 
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5. DEMONSTRATED APPLICATIONS 
5.1 Gas Phase Analytes 

Detection of mercury vapors reported by Thundat et ah [95] was one of 
the first gas sensor applications of microscopic cantilevers. Commercially 
available delta-shaped silicon nitride AFM cantilevers were used in those 
studies. The typical length, thickness and force constant of these cantilevers 
were, respectively, 180 pm, 0.6 pm and 0.06 N/m. An evaporated 50 nm 
gold coating provided affinity of one side of the cantilevers to mercury. It 
was found that both resonance frequencies and static deflections of the gold 
coated cantilevers underwent changes in presence of mercury vapor 
(30 pg m'^) added to a nitrogen carrier gas. When one side of the cantilevers 
was completely coated with gold, the resonance frequency of the cantilevers 
increased as a result of exposure to mercury vapors. This rather unexpected 
result was explained by competing effects of the absorbed mercury on the 
cantilever force constant and on the cantilever suspended mass. It was 
concluded that interaction of mercury with the gold coating led to lowering 
of the cantilever resonance frequency as a result of a relatively small 
increase in the cantilever effective mass and a more significant increase in 
the cantilever force constant. This model was confirmed by the fact that 
exposure to mercury vapors did lower the resonance frequency when only an 
end portion of the cantilever was coated with gold. In the latter experiment, 
the region close to the clamping point (which largely defines the cantilever 
force constant) remained without gold and, therefore, was unaffected in 
presence of mercury. 

Ferrari and co-workers [7] used ceramic cantilevers actuated by 
piezoelectric excitation to measure resonant frequency changes due to 
adsorption of water. Ferrari et al. [7] used poly(N-vinylpyrrolidinone) and 
poly( ethyleneglycol) as hydrophilic coating materials and obtained 
frequency shifts of about 500 and 1400 Hz for relative humidity changes 
from 12 to 85%, respectively. Dual (static/dynamic) mode responses of gold 
coated were reported for several other gaseous phase analytes, in particular, 
2-mercaptoethanol [118]. In the case of 2-mercaptoethanol, analyte-induced 
deflections rather than changes in the resonance frequency of gold-coated 
AFM cantilevers was found to be a preferable mode of sensor operation. 
Measurements of cantilever deflections permitted detection of 
mercaptoethanol vapor at concentrations down to 50 parts per billion (ppb). 
The calibration curve obtained in the static deflection mode had a slope of 
0.432 nm per ppb in the concentration range of 0 - 400 ppb. 

Fairly high sensitivity and selectivity demonstrated in the early studies on 
cantilever sensors relied on properties of some metals used as active 
coatings. For instance, gold is a very chemically inert metal that. 
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nevertheless has very high reaetivity towards mereaptans (or thiols), i.e. 
eompounds with one or more sulfohydryl (-SH) groups. High solubility of 
hydrogen in palladium and palladium based alloys is another meehanism that 
leads to seleetive interaetion of metal eoatings with gas-phase analytes. 
Good sensitivity of Au and Pd eoated eantilevers to, respeetively, mereury 
and hydrogen was subsequently used to implement a palm-sized, self- 
eontained sensor module with spread-speetrum-telemetry reporting [98]. The 
deviee utilized polysilieon eantilevers operating in the statie defleetion mode 
and integrated with CMOS eireuitry that provided their eapaeitive read-out 
as well as radio-frequeney output for telemetry. The implemented prototype 
provided reversible, real-time hydrogen sensing and dosimetrie (eumulative) 
mereury-vapor sensing. It was shown in a separate study [169] that a 
dosimetrie mode of hydrogen sensing ean also be realized using eantilevers 
transdueers. For this purpose, alpha platinum oxide was used as a eoating 
that undergoes reduetion and, therefore, irreversible mass loss in presenee of 
hydrogen. Commereially available AFM eantilevers were eoated with 20-50 
nm platinum oxide fdms using reaetive sputtering of platinum. Exposure of 
the sensor to 4% hydrogen in argon resulted in both statie eantilever and 
resonanee frequeney ehanges. These ehanges reaehed saturation in about 30 
minutes, thus indieating eomplete reduetion of platinum oxide. Overall 
ehanges in the eoating mass were estimated to be less than a nanogram. In 
addition to steady the state responses assoeiated with irreversible ehemieal 
and physieal ehanges in the eoating, the observed transient features in the 
bending response were eonsistent with the expeeted thermal response due to 
the exothermie oxidation of hydrogen. 

As inorganie eoatings alone ean not provide the seleetivity patterns 
sought in many applieations, modifieation of eantilevers with ehemieally 
seleetive organie layers has been a subjeet of more reeent studied. One of the 
first eantilever sensors with organie eoatings was a humidity sensor 
deseribed by Thundat et al. [170]. Another design of a eantilever humidity 
sensor employed eantilevers with integrated piezoresistive read-out [97]. The 
design ineluded both humidity sensitive and referenee eantilevers as a part of 
a Wheatstone bridge. The layered silieon/silieon oxide eantilevers were 
200 pm long, 50 pm wide 1.5 pm thiek with defleetion sensitivity, z’' 
(Ai?/7?), of approximately 10'® nm'\ The aetive (humidity sensitive) 
eantilever was additionally eoated with 10 pm photoresist. Swelling of the 
photoresist layer in presenee of water vapor provided sensor responses that 
were nearly proportional to RH% in the range of 2 to 60%. The referenee 
eantilever provided temperature eompensation and eould also be used for 
temperature measurements [97]. The referenee ehannel is also useful to 
minimize effeets of other noise sourees. It should be noted, however, that the 
photoresist eoating used in these studies was not highly speeifie to water 
vapor and responded to aleohol vapor as well [97]. In the ease of ethanol, 
eoneentration levels as low as 10 ppm eould be easily deteeted. Somewhat 
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different responsivities were obtained in the ease of methanol, ethanol and 2- 
propanol. 

In analogy to ehemieal sensors based on SAW transdueers, eantilevers 
eoated with various eommereially available polymers were proposed for 
distinguishing between different volatile organie eompounds (VOCs) in air. 
Lang et al. [30, 99] reported on a multi-eantilever sensor, in whieh signals 
were eolleeted in a quasi-simultaneous (time-multiplexing) manner from 
eight individual eantilever transdueers, eaeh modified with a different 
eoating [163, 171-173]. This design allowed the researehers to transfer the 
eoneept of an “eleetronie nose” from more eonventional transduetion 
prineiples [2] to innovative nanomeehanieal deviees. Poly- 
methylmethaerylate (PMMA) as well as Pt metal eoatings were used in some 
of these studies in order to demonstrate versatility of the eantilever arrays. 
Using a eantilever sensor with a PMMA eoating, responses to a series of 
aleohols were obtained in both resonanee and statie defleetion mode. Based 
on the differenees in the shapes of response eurves (either statie defleetion or 
resonanee Ifequeney ehange plotted as a funetion of time), the presenee of 
different aleohols eould be differentiated. In this ease, the observed 
seleetivity was primarily related to the faet that aleohols with different 
moleeular weight and/or moleeular strueture have different diffusion rates in 
the PMMA eoating. Therefore, the use of a multi-eantilever array with 
different polymerie eoatings was the next logieal step in developing a 
“ehemieal nose” based upon the eantilever platform. It was shown that 
eantilevers eoated with several readily available “generie” polymers, sueh as 
polymethylmethaerylate, polystyrene, polyurethane and their blends or eo- 
polymers, respond differently to various VOCs [161, 171]. By applying 
prineipal eomponent or artifieial neuron network analysis to response 
patterns from arrays of sueh polymer-modified eantilevers, the eoneept of an 
“eleetronie nose” was implemented. 

Seleetivity of eantilever gas sensors ean also be eontrolled by eoating the 
transdueer surfaee with stationary phases developed for ehemieal separation 
applieations, sueh as gas-ehromatography (GC). Sueh eoatings were 
previously used to impart ehemieal seleetivity to sensors based on 
eleetroaeoustie SAW transduees [85]. More reeently, this approaeh has been 
extended to eantilever sensors [108]. In one study, thin films of 
eommereially available GC polysilane phases, SP2340 (polyeyano-phase) 
and OV25 (polymethyl-phenyl-phase) were deposited on one side of the Si 
eantilevers using a eombination of spin-eoating and FIB milling [108]. The 
thieknesses of both the polysilane film and the eantilever material were 
varied by adjusting the eonditions of spin-eoating and FIB milling. The 
seleetivity pattern of polysilane eoated Si eantilevers was assessed by 
measuring bending responses to a series of VOCs with different polarities. 
For 300 nm thiek silieon eantilevers, maximal responses were observed with 
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ca. 1 00 nm of the polysilane modifying eoatings. Seleetivity was shown to be 
eonsistent with a eommon GC phase elassifieation seheme [108]. 

In order to ereate eantilever sensors with even more distinetive seleetivity 
patterns with regard to different elasses of VOCs, sol-gel eoatings as well as 
eovalently attaehed or evaporated fdms of synthetie reeeptors were found to 
be useful [10, 109, 174], Thin fdms of sol-gels were formed on one side of 
600 nm thiek silieon eantilevers using aqueous solutions of organosilane 
preeursors and spin eoating proeedures [109]. The eantilevers with sol-gel 
eoatings exhibited strong bending in response to vapors of polar VOCs, in 
partieular ethanol, while sensitivity to less polar eompounds was relatively 
low. Additional ehemieal modifieation of the sol-gel eoated eantilevers with 
a hydrophobie organosilane (hexamethyldisilazane) resulted in partial 
reversal of this trend and an 8-fold inerease in the response to n-pentane (the 
least polar eompound among the sereened analytes). Despite these promising 
results, obtaining uniform eoatings on eantilevers using spin eoating 
proeedures was ehallenging. Alternative methods of physieal and ehemieal 
modifieation of mieroeantilever transdueers for gas sensors were 
investigated by the authors of this review in the reeent studies [174]. An 
ultrathin layer of thiol-modified reeeptors of the eyelodextrin family was 
formed preferentially on one side of gold eoated eantilevers using self- 
assembling proeedures similar to those used previously with other types of 
transdueers with noble metal surfaees. The eoatings of this type ean be 
expeeted to provide the sensor speeifieity based on moleeular reeognition 
meehanisms as well as size exelusion effeets. For instanee, sensor 
responsivities varied for triehloroethylene, tetraehloroethylene and 2,7- 
dimethylnaphthalene [174]. Covalent attaehment of the reaetive reeeptor 
moleeules onto nanostruetured noble metal surfaees was found to be 
partieularly suitable for ereating highly effieient eantilever sensors. In the 
ease of eantilevers with smooth gold surfaees, the magnitude of eantilever 
responses was only moderate. However, dramatie enhaneements of 
responses were aehieved when the same reeeptor layers were deposited on 
eantilevers with nanostruetured (granular) gold fdms [115]. Using eantilever 
sensors with nanostruetured surfaees, LODs as low as 0.17 ppb and 
0.28 ppm were obtained for, respeetively, 2,7-dimethylnaphtalene and 
tetraehloroethylene . 

Mieroeantilever transdueers were sueeessfully used for deteetion of 
explosives present at extremely low eoneentrations [114, 175]. Pinnaduwage 
et al. reported deteetion of 10 to 30 ppt levels of pentaerythritol tetranitrate 
(PETN) and hexahydro-l,3,5-triazine (RDX) using eommereially available 
eantilevers eoated with a gold layer that was funetionalized with a self- 
assembled monolayer of 4-mereaptobenzoie aeid. The reported data [175] 
indieated the limit of deteetion of just a few femto-grams. Lavrik et al. [114] 
used trimaterial mieroeantilevers modified with a tert-butylealix [6] arene 
eoating and aehieved large bending responses in presenee of vapor phase 
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TNT and its analogs, mononitrotoluene (MNT) and 2,4-dinitrotoluene (2,4- 
DNT). Lavrik et al. estimated that the noise limited TNT deteetion threshold 
was 520 ppt [114], 

Bimaterial eantilevers ean also be used to deteet loeal temperature 
ehanges assoeiated with a ehemieal reaetion that involves analyte moleeules 
and is eatalyzed by a eatalyst on the eantilever surfaee. One of the first 
implementations of this deteetion seheme was reported by Barnes et al. [52]. 
By measuring defleetions of a 1.5 pm thiek Si eantilever with a 0.4 pm Al 
eoating heat flux generated by a gas-phase eatalytie reaetion between O 2 and 
H 2 over a Pt surfaee was deteeted. For a standard AFM bi-material eantilever 
and AFM optieal eantilever read-out, the limits of deteetion were estimated 
to be 1 pJ of thermal energy and 10'^ K of loeal temperature differenees [52]. 
Even higher sensitivity of this method ean be aehieved using modified 
silieon or silieon nitride eantilevers with inereased thermal isolation between 
their aetive regions (eatalytie areas) and supporting bases (“heat sinks”). 
When heat eseape through the surrounding environment beeomes the 
prineipal path for the heat exehange, the sensitivity of eantilever based 
ealorimetrie sensors reaehes its fundamental limit. 

While praetieal applieations of eantilever based ealorimetrie deteetors 
that involve eatalytie reaetions ean be somewhat limited, mueh more 
versatile deteetion and identifieation of speeies adsorbed on eantilevers ean 
be aehieved using photothermal speetroseopy methods [176-178]. For 
instanee, we have shown that analytes present on eantilevers in a form of 
thin eoatings (about 100 nm average thiekness) ean be deteeted in a 
ealorimetrie speetroseopy mode [177, 178]. Sueh eantilever based 

speetroseopie instruments offer exeellent portability eombined with the 
differentiating power inherent to vibrational speetroseopy. 

In our very reeent studies, a five-element mieroeantilever array was used 
to deteet and differentiate vapor-phase analytes [179]. Four silieon 
mieroeantilevers in the array were eoated with four different organie 
eoatings and the fifth one was uneoated. Poly(diphenoxyphosphazene) 
(PDPP), hydrophobiealy derivatized (3-eyelodextrin (HDA-(3-CD), tetra- 
tertbutylealix[6]arene (Cal-6) were deposited on nanostruetured dealloyed 
gold (DA) [113] using physieal vapor deposition in vaeuum as deseribed 
previously [180]. The fifth mieroeantilever in the array had DA eoating only 
and was used as a referenee. It was found that both the magnitude and the 
kineties of the defleetion responses were unique for eaeh eoating-analyte 
pair. Figure 11 shows typieal data obtained in the ease of HDA-(3-CD and 
Cal-6 eoatings and two analytes, tetraehloroethylene (TCE) and ethanol 
(EtOH). As ean be seen in Figure 13 a, the responses of eaeh eantilever 
underwent different ehanges in magnitude and shape when the eomposition 
of the injeeted mixture was gradually varied from a 100% 
tetraehloroethylene (TCE) headspaee sample to a 100% ethanol (EtOH) 
headspaee sample. These observations ean be explained by the faet that 




P. G. Datskos, N. V. Lavrik and M. J. Sepaniak 



363 



analyte-induced changes in the responsive phase (generally swelling, 
although we have observed contraction as well) involve analyte adsorption, 
diffusion, dissolvation as well as subsequent molecular restructuring 
associated with these phenomena. Each of these factors depends on the 
analyte-coating pair and influence the response kinetics (i.e. the shape of the 
response curves). Figure 11b demonstrates a few possible ways of extracting 
response patterns from the acquired kinetic data. 

We should point out that the static bending mode was used extensively in 
the majority of studies on cantilever sensors. However, resonating 
cantilevers scaled down to the nanoscale offer uniquely high mass sensitivity 
[63]. Resonating cantilever devices were used to measure femto-gram level 
mass sensitivity. This mass sensitivity is sufficient for single-cell detection 
(Figure 12). Lavrik et al [63] used cantilever with a resonance frequency of 
2.2 MHz and measured a mass change of 5.5 fg due to chemisorption of 1 1- 
mercaptoundecanoic acid. 



(a) 




I 1 DA Cam (b) 

PDPP I 1 HDA-P-CO 




Figure 11. (a) Responses of cantilevers in an array to TCE/EtOH mixtures; (b) three of 
many possible methods (peak height, peak area, initial slope) of extracting distinctive data 
from these responses [114]. 
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Figure 12. Resonating cantilever devices that provide 
femto-gram level mass sensitivity [63] detection. 



5.2 Liquid Phase Analytes 

Early works on cantilever based chemical detection in liquids involved 
standard AFM cantilevers and AFM heads for their read-out. Butt et al 
[181] studied responses of 190 pm long 0.6 pm thick, gold coated, silicon 
nitride AFM cantilevers to various chemical factors and found that the 
steady state deflections depend upon both pH and ionic strength of the 
aqueous medium. The ionic strength was varied by adjusting concentration 
of KNO 3 varied from 0 to 1 M. The pH calibration plot acquired in 
0. IM KNO 3 was represented by two roughly linear regions corresponding to 
pH of 2-5.5 and pH of 8-11, respectively. This broad calibration plot with a 
relatively flat region at pH of 5.5-8 is qualitatively consistent with existing 
models of silicon nitride surface dissociation [181]. The average slope of the 
calibration curve was approximately 9 nm per pH (at 0. 1 M KNO 3 ). Further 
research in this direction focused on surface modifications of cantilevers that 
can lead to improved or modified pH sensitivity. Alkylthiols terminated with 
different chemical groups were most extensively used as modifying agents 
for gold-coated cantilevers. The other modification procedures involved 
silane-oxide chemistry and spontaneous oxidation of evaporated aluminum 
films. When pH responses of cantilevers modified with carboxylic acid, 
hydroxyl and amino groups were analyzed in several independent studies 
[78, 182], reasonable correlation between the experimental calibration plots 
and expected protonation-deprotonation behavior of the cantilever surfaces 
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was found. The reported pH responsivities varied from 15 to 50 nm/pH and 
were dependent on the surfaee treatment, eantilever type, and pH range. 

Some of the most impressive figures of merit demonstrated with 
eantilever sensors are related deteetion of heavy metal ions. In partieular, Ji 
et al. [183] reported on highly sensitive and seleetive deteetion of Cs^ ions 
using a eantilever sensor with a self-assembled responsive layer of the 
moleeular reeognition type. The responsive layer for this sensor was formed 
using a newly synthesized reeeptor eompound whieh eombined ealixarene 
and erown-ether maeroeyeles and had a reaetive -SH group that provided its 
eovalent attaehment to gold surfaees. Using a mieroeantilever transdueer 
with this responsive layer, Cs^ ions eould be deteeted in the eoneentration 
range of 10'” to 10'^ M. The observed eantilever defleetions in response to 
Cs^ ions reaehed a steady state in less than 5 min. By modifying gold eoated 
eantilever transdueers with another self-assembled responsive monolayer, 
triethyl- 12-mereaptododeeylammonium bromide, a deteetor of traee amounts 
of Cr 04 ^‘ was implemented [184]. As an extension of this approaeh, 
deteetion of traee levels of Ca^^ was also aehieved using eantilever 
transdueers modified with Ca^^ seleetive self-assembled responsive layers 
[185]. Two alternative ehemieal fiinetionalization proeedures were used in 
this study and resulted in the two kinds of self-assembled monolayers 
terminated with, respeetively, with phosphate and N,N-diethyl-aeetamide 
moieties. 

Cantilevers modified with synthetie reeeptor eompounds of the moleeular 
reeognition type were also found to be useful for deteetion of various neutral 
aromatie eompounds in aqueous solutions [116, 180]. In partieular, self- 
assembled monolayers of a thiolated beta- eyelodextrin derivative and 
evaporated thin films of heptakis (2,3-0-diaeetyl-6-0-tertbutyl- 
dimethylsilyl)-beta- eyelodextrin were studied on smooth and nanostruetured 
gold-eoated mieroeantilever surfaees. In those studies, miero and nano 
struetural modifieations of mieroeantilevers ehemieal sensors were shown to 
improve the stress transduetion between the ehemieal eoating and the 
transdueer. Struetural modifieations of mieroeantilever surfaees were 
aehieved using either ehemieal dealloying [116] or foeused ion beam milling 
[180]. The dealloyed surfaees [113, 115, 116, 174, 180] eontained 
nanometer-sized features that enhaneed the transduetion of moleeular 
reeognition events into eantilever response, as well as inereased eoatings 
stability in the ease of thieker films. The observed response faetors for the 
analytes studied varied from 0.02-604 nm/ppm. Calibration plots obtained 
for 2,3-dihydroxynaphthalene and several volatile organie eompounds 
revealed proportionality between the analyte eoneentrations and eantilever 
defleetions in the range of up to several hundred nanometers. By 
manipulating surfaee morphologies and film thieknesses, improvements in 
the limits of deteetion of as great as 2 orders of magnitude were 
demonstrated [116, 180]. 
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5.3 Biosensors 

One of the first attempts to eombine the biosensor eoneept and a 
eantilever transdueer took advantage of the ultrahigh ealorimetrie sensitivity 
of a bimaterial mieroeantilever [10, 176]. By immobilizing glueose oxidize 
on the surfaee of 320-pm long, gold eoated silieon nitride, Subramanian et 
al. ereated a glueose sensor that responded to presenee of glueose in the 
aqueous medium due to the enzyme-indueed exothermie proeesses [186]. 
This sensor exhibited a good linear ealibration eurve for glueose 
eoneentrations in the range of 5-40 mM. 

Another indireet method of deteeting biologieal speeies using 
mieromaehined eantilevers was proposed by Colton and eo-workers [187, 
188]. Their foree amplified biologieal sensor (TABS) utilized a 
mieromaehined eantilever plaeed in a strong magnetie field. Similar to many 
eonventional biologieal assays, sueh as the enzyme-linked immunosorbent 
assay, the TABS method relied on labeled biologieal material, however, 
magnetie beads rather than enzymes or fluorophores were used as a label. It 
was shown that an important advantage of the TABS method over existing 
bioassays is its eapability to deteet traee amounts of extremely dilute 
biologieal samples. 

More reeently, signifieant attention has been drawn to direet eonversion 
of various biologieal reeeptor-ligand interaetions into meehanieal responses 
using eantilever transdueers [31, 33, 79, 189-196]. Butt et al. explored high 
sensitivity of eantilever transdueers to interfaeial stress ehanges [189] in 
their work on a biosensor for a herbieide. The researehers reported bending 
responses of mierofabrieated eantilevers assoeiated with interaetion between 
the surfaee-immobilized herbieide (2,4-diehlorophenoxyaeetie aeid) and the 
monoelonal anti-herbieide antibody in an aqueous solution. The eantilever 
with immobilized herbieide exhibited partially reversible bending in 
response to the anti-herbieide antibodies at the eoneentrations of 5 and 
25 pg/mL in a phosphate buffer saline (PBS). 

Despite the exeellent sensitivity of eantilever transdueers and their 
eapability to deteet reeeptor-ligand interaetions direetly, the statie defleetion 
mode is not free from long-term drifts and instabilities inherent to other 
types of biosensors. In addition to temperature-indueed drifts, it was also 
established that both speeifie binding and nonspeeifie adsorption of proteins 
on various surfaees are aeeompanied with very slow surfaee stress ehanges 
Moulin et al. [192] used mierofabrieated eantilevers to measure surfaee 
stress ehanges assoeiated with nonspeeifie adsorption of immunoglobulin G 
(IgG) and bovine serum albumin (BSA) on gold surfaees. Compressive and 
tensile surfaee stress ehanges were observed upon adsorption of, 
respeetively, IgG and BSA. It was also eoneluded that biologieal assays 
based on surfaee stress measurements are sensitive to subtle differenees in 
preparation and purifieation of proteins that are otherwise identieal and ean 
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not be differentiated using other teehniques [192]. Taking into aeeount 
extremely high sensitivity of eantilever bending to interfaeial biomoleeular 
binding events, Moulin et al. [31] proposed a elinieally relevant eantilever 
biosensor for differentiation of low density lipoproteins (LPL) and their 
oxidized form (oxLDL). For this purpose, silieon nitride eantilevers with 
freshly evaporated gold were modified with heparin. The modifieation 
proeedure ineluded sueeessive ineubation of the eantilevers in 
2-aminoethanethiol hydroehloride and heparin solutions, and saturation of 
nonspeeifie binding sites with BSA (eaeh ineubation was followed by 
rinsing in purified water). The adsorption indueed surfaee stress ehanges 
measured using the eantilever biosensor were notably slower in eomparison 
to the binding kineties observed in the eontrol surfaee plasmon resonanee 
measurements. 

A signifieant milestone in developing eantilever based biosensors was 
demonstration of their applieability to DNA analysis [79, 193, 195, 196]. 
Fritz et al. reported on sensitive and speeifie monitoring of oligonueleotide 
hybridization using arrays of funetionalized eantilevers and optieal read-out 
of their defleetions [79]. A thin layer of gold on one side of the eantilevers 
permitted eontrollable immobilization of thio-modified oligonueleotides. 
When 12-mer oligo-nueleotides with different degree of eomplementarity 
were used in the hybridization assay, a single base pair mismateh was elearly 
deteetable. The use of a differential pair of eantilever transdueers, i.e. 
funetionalized and “blank”, and analysis of the differential defleetions was 
an important refinement that minimized interfering effeets of temperature, 
meehanieal vibrations and fluid flow in the eell and, therefore, provided 
more reliable differentiation of the responses that aeeompanied speeifie 
biomoleeular interaetions. In addition to oligonueleotide hybridization 
assays, differential eantilever defieetion method was shown to be very 
promising for monitoring a wide range of biologieal affinity interaetions. In 
partieular, irreversible differential responses were observed in the eourse of 
protein A-lgG interaetions [31]. In a similar study reported by Raiteri et al. 
[190], 85 ng/mL myoglobin in an aqueous solution was deteeted using a 
differential pair of eantilevers, one of whieh was funetionalized with 
monoelonal anti-myoglobin antibodies. 

Under earefully eontrolled experimental eonditions (temperature, pH, 
ionie strength, ete.), even a single eantilever transdueer provides a sensitive 
means for deteetion of various biomoleeular interaetions. For instanee, 
Thundat and eoworkers differentiated a single-nueleotide mismateh using a 
eantilever transdueer plaeed in a thermally stabilized flow eell [193, 195]. 
Both the rate and the magnitude of defieetion response were dependent on 
the length and sequenee mismateh of the analyzed oligonueleotide. The same 
group of researehers also reported on deteetion of ultra-low eoneentrations 
(0.2 ng/ml) of prostate speeifie antigen (PSA) using a similar 
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thennoelectrically stabilized cell housing a single cantilever transducer 
[195]. 

Biotin-streptavidin is another example of high-affmity biomolecular 
interactions that was successfully monitored using cantilever transducers. 
Raiteri et al. used biotin functionalized silicon nitride cantilevers and 
measured their deflection responses in presence of 100 nM streptavidin 
[190]. These responses that reached approximately 50 nm in magnitude 
within 10 min were largely reversible. In the case of high-affmity 
streptavidin-biotin interactions, the reversible nature of the responses is 
especially unexpected and apparently indicates a nontrivial relationship 
between the surface coverage of streptavidin molecules on the cantilever 
surface and the associated surface stress change. 

It is important to note that the deflection responses of cantilever based 
biosensors rarely exceed 1 00 nm regardless of the chosen biological affinity 
system. This implies that signal-to-noise ratios and sensitivities achievable 
with conventionally designed cantilever biosensors may be limited by 
common fundamental mechanisms. A question arises as to whether such 
limitations can be surmounted. Recent studies conduced by the authors of 
this review addressed this question by exploring cantilevers with 
asymmetrically nanostructured surfaces and demonstrated feasibility of 
cantilever biosensors with dramatically enhanced responsivities. It was 
found that interfacial biomolecular recognition events were converted into 
mechanical responses much more efficiently when high density of nano-size 
features were present on one side of the cantilever transducers. Creating of 
such interfaces may rely on surface immobilization of gold nanospheres or 
dealloying of co-evaporated Au:Ag films. The most efficient transduction 
was achieved when the cantilevers were modified with 50 to 75 nm thick 
dealloyed Au:Ag films. Unlike conventional cantilevers with smooth 
surfaces, these nanostructured transducers exhibited up to several micron 
deflections upon adsorption of protein A and biotin-labeled albumin on 
nanostructured gold surfaces. Additional micrometer scale deflections of the 
cantilevers were observed upon interaction of the surface immobilized 
receptors with, respectively, immunoglobulin G and avidin [10]. 

A promising approach to ultrasensitive detection of biological species in 
air was demonstrated by Ilic et al. using smaller cantilevers operating in the 
resonance mode [83, 197]. The silicon nitride cantilevers used in these 
studies were about 5 pm long, had resonance frequencies in the MHz range 
and permitted detection of minute amounts of biological molecules or cells. 
Studies by Ilic et al. [84] have shown that the mass sensitivity of a cantilever 
sensor was sufficient to detect mass changes due to attachment of a single 
microbial cell while modification of the cantilever surface with appropriate 
biological receptors, for instance antibodies, provided high detection 
specificity. 
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6. CONCLUSIONS 

Cantilever transdueers are reeognized as promising platform for the next 
generation of ehemieal and biologieal sensors. It is antieipated that 
mierofabrieated eantilevers ean provide a versatile platform for real-time, in- 
situ measurements of physieal, ehemieal, and bioehemieal properties of 
physiologieal fluids. In general, the MEMS platform offers an unparalleled 
eapability for the development and mass produetion of extremely sensitive, 
low-eost sensors suitable for rapid analysis of many ehemieal and biologieal 
speeies. Compared with more eonventional sensors, eantilever sensors offer 
improved dynamie response, greatly redueed size, high preeision, and 
inereased reliability. A plethora of physieal, ehemieal, and biologieal sensors 
based on the mieromaehined eantilever transdueers have already been 
demonstrated [7, 30, 34, 52, 55, 95, 99, 116, 117, 163, 176]. 

An important advantage of mieroeantilever sensors is that they ean 
operate in vaeuum, gases, and liquids. A eompelling feature of the 
eantilever-based sensors operating in the resonant mode is that four response 
parameters (resonanee frequeney, phase, amplitude, and g-faetor, measured 
simultaneously) may provide eomplementary information about the 
interaetions between the sensor and the environment. The damping effeets of 
a liquid medium, however, reduee resonanee responses of eantilever deviees. 
In most eommon liquids, sueh as aqueous solutions, the amplitude of the 
eantilever oseillations at the resonanee ean be orders of magnitude lower as 
eompared to the same resonating eantilever operating in air. On the other 
hand, operation in the statie mode is unaffeeted by viseous properties of the 
medium. Therefore, mieroeantilever sensors operating in the statie mode are 
espeeially attraetive as a platform for nanomeehanieal bioehemieal assays 
and other biomedieal applieations. 

Miero- and nano-seale eantilevers have extremely small thermal masses 
and ean be heated and eooled with thermal time eonstants of less than a 
milliseeond. This is advantageous for rapid reversal of moleeular absorption 
proeesses and regeneration purposes. Both statie and dynamie responses of 
eantilever sensors ean be measured with very high preeision using several 
readout teehniques [35] based on optieal beam defleetion, interferometry, 
eleetron transfer, piezoresistanee, eapaeitanee, and piezoeleetrie properties. 
Other resonanee parameters of eantilever transdueers, sueh as amplitude and 
g-faetor, ean be extraeted from these responses measured in an appropriate 
frequeney or time domain. In many instanees, deformations and resonanee 
frequeney shifts measured simultaneously may provide eomplementary 
information about the interaetions between the transdueers and the 
environment. 

Cantilevers operating in the statie mode often surpass in performanee 
eantilevers operating in the resonant operation. However, the mass 
sensitivity of eantilever transdueers operating in the resonanee mode 
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increases as their dimensions are reduced. Therefore, cantilever sensors with 
progressively increased mass sensitivity can be fabricated by simply 
reducing the transducer dimensions [63, 126, 198, 199]. As the technology 
of nanosize mechanical structures advances, nanomechanical devices 
approach the GHz frequency domain that is already widely used in electronic 
data processing and optical telecommunication. 

In order to achieve fundamentally limited performance of resonating 
cantilever sensors, it is necessary to delineate the noise present in 
micromechanical systems. The type of noise in cantilever devices referred to 
as “thermo-mechanical” [35, 123] or “mechanical-thermal noise” [200, 201] 
arises from the dynamic equilibrium between mechanical energy of the 
device and thermal energy of the surrounding environment at nonzero 
temperatures. This type of noise imposes the ultimate limits on the 
performance of microcantilever sensors operating in the resonance mode. 

The advantages of cantilever sensors can be further expanded by 
arranging individual cantilever transducers into large multi-sensor arrays 
integrated with on-chip electronic circuitry [202]. One-dimensional and two- 
dimensional arrays of cantilever transducers offer additional advantages that 
cannot be overlooked. In particular, such arrays provide a viable platform for 
the development of high-performance “electronic noses”. 
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Abstract: Bimaterial microcantilevers arranged into focal plane arrays (FPAs) can 

function as uncooled IR imaging devices. In order to analyze the performance 
of such devices and compare various FPAs, it is essential to have an in-depth 
understanding of their operation, figures of merit, and fundamental limitations. 
We give an overview of figures of merit that are applicable to both cooled and 
uncooled IR detectors. Specific focus of this chapter is a performance analysis 
for microcantilever IR detectors with an optical readout. We discuss responsiv- 
ity of microcantilever IR detectors and analyze the different sources (and 
mechanisms) of noise present in them. A model SiN^ microcantilever device 
with an A1 layer in the bimaterial region was fabricated and its performance as 
an IR detector was analyzed. 



Keywords: IR detector, thermal detector, focal place array, MEMS, microcantilever, 

bolometer, uncooled, figures of merit, responsivity, NETD, response time, 
noise, temperature fluctuation, thermo-mechanical, thermal isolation 



1. INTRODUCTION 

The detection of infrared (IR) radiation is very important for a variety of 
activities in both commercial and defense areas. In particular, the wave- 
length regions from 3 to 5 :m and 8 to 14 :m are of importance since atmos- 
pheric absorption in these regions is especially low [1,2]. Presently, how- 
ever, the high cost of IR cameras has limited their use to primarily military 
applications. A much greater number of commercial applications [3] will be 
come possible as a result of recent advances in uncooled thermal detectors. 
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The development of un- 
cooled detector arrays started in 
the early 1980s and was pur- 
sued mostly in the United 
States. By the end of the 1990s, 
large focal plane arrays (FPAs) 
of resistive bolometers and 
ferroelectric devices with 
320x240 pixels were available 
[3]. These FPAs exhibited noise 
equivalent temperature differ- 
ence (NETD) values as low as 
40 mK. Microbolometer FPAs 
developed by Boeing exhibited 
an NETD of 23 mK at 60 Hz 
frame rate [4]. Murphy et. ah 
[5] has recently reported a 
320x240 microbolometer FPA 
with 25 pm pitch pixels. The 
reported average NETD value 
for these FPAs is about 35 mK 
with an f/1 aperture and operat- 
ing at 30 Hz frame rates [6]. 

The challenge facing existing 
(and future) uncooled IR im- 
ages is to achieve NETD values of only a few mK {i.e. performance equal to 
the best cooled photonic devices) while reaching the resolution of high defi- 
nition television [6]. It has recently been shown that bimaterial microcantile- 
vers arranged into FPAs can function as uncooled IR imaging devices. Using 
microcantilever FPAs, IR imaging of objects close to room temperature has 
already been demonstrated by several research groups. 

We fabricated a model microcantilever thermal detector (Figure 1) and 
investigated its perfonuance both theoretically and experimentally. The ge- 
ometry shown in Figure 1 was selected because pixels of this shape can be 
arranged (tiled) into an FPA with an acceptably high (>80%) fdl factor. Af- 
ter evaluating general expressions for IR responses and noise, we applied 
them to the selected microcantilever design (Figure 1). Similar analysis can 
be applied to a variety of microcantilever designs and used to guide their 
optimization for IR imaging applications. 




Figure 1. Ion micrograph and dimensions (in 
micrometers) of the cantilever device fabricated 
and used in our studies. 
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2. PHOTON DETECTION MECHANISMS 

According to the transduction principles, IR detectors [7, 8] can be classi- 
fied broadly as quantum (opto-electronic) [9] and thermal. Thermal IR detec- 
tors, in turn, can be based on pyroelectric [10], thermoelectric, thermoresis- 
tive (bolometers) [6, 11-15], and micromechanical transducers [16-25], 
Quantum IR detectors use photon adsorption in semiconductor materials 
with narrow bandgaps, Yg < hc/X, or metal-semiconductor structures (Schot- 
tky barriers) with appropriately small energy barriers, A y < hc/X. Because of 
the nature of photo-excitation and thermal-excitation processes in semicon- 
ductors, photonic IR detectors exhibit strong wavelength dependence and 
only operate efficiently when kgT < h/X, where ks is the Boltzmann constant, 
T is the detector temperature, h is the Plank constant, and 2 is the wave- 
length of radiation to be detected. Although quantum IR detectors may have 
short (sub-nanosecond) response times and very high detectivities (see the 
definitions latter in this paper) approaching fundamental limits, they require 
deep cooling in order to reduce thermal generation of charge carriers and 
thermal noise that varies as exp[-yg/A:B7]. Cooling of quantum IR detectors 
down to or below liquid nitrogen temperatures is commonly used for sensi- 
tive imaging in the mid- to far-infrared regions using IR photodetec- 
tors. Thermal IR detectors are based on measuring the amount of heat pro- 
duced in the detector upon absorption of IR radiation and can operate at or 
even above room temperatures. Spectral characteristics that are flat and ex- 
tended into the far-IR range are typical for thermal IR detectors. A spectral 
response of a thermal IR detector is primarily defined by the absorbance 
spectrum of the detector active region, which, in principle, can be close to 
unity for radiation ranging from the visible to the far-IR. When thermal IR 
detectors are arranged into FPAs (see Figure 2), the long -wavelength roll-off 
of the spectral characteristics is typically affected by diffraction phenomena 
(associated with smaller detector sizes) rather than materials properties. Mi- 
crobolometers and FPAs of microbolometers operating at the room tempera- 
ture have already demonstrated sufficient performance, which makes them 
quite competitive with respect to more traditional cooled IR detectors based 
on narrow-band semiconductors and Schottky barriers. However, thermal IR 
detectors tend to have slower response times (> 10 sec), and somewhat 
lower detectivities, which are limited by relatively high background tem- 
perature fluctuations present in any uncooled IR detector. 
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Figure 2. IR detectors can be tiled to form large focal plane arrays (FPAs) 
with high fill factors. 



2.1 Transduction Mechanisms in MEMS 

More recently, a new type of uncooled thermal detectors based on ther- 
mal expansion phenomena in micromechanical structures has been intro- 
duced and studied [1, 16-18, 20, 21, 23, 25]. Suspended microstructures (mi- 
crocantilevers) with bimaterial regions provide direct conversion of absorbed 
heat into a mechanical response and can be referred to as thermo-mechanical 
detectors. An important advantage of thermo-mechanical detectors is that 
they are essentially free of intrinsic electronic noise and can be combined 
with a number of different readout techniques. The readout techniques dem- 
onstrated to date include capacitive [19], piezoresistive [24], electron tunnel- 
ing [26] and optical [1, 27]. 

A means to measure the deformation (bending) of the thermo-mechanical 
detector in response to the absorbed incident radiation is essential in order 
for the microcantilever FPA to be an imaging IR detector. Earlier studies 
have shown that micromechanical deformations can readily be determined 
by a number of means, including optical, capacitive, piezoresistive, and elec- 
tron tunneling with extremely high sensitivity [28-31]. 
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Metal-coated microcantilevers that are commonly employed in atomic 
force microscopy (AFM) can be probed with sub-Angstrom (<10‘'° m) de- 
flection accuracy. For example, Hansma [31] and Binnig [30] have demon- 
strated AFM sensitivities of 10'” N, corresponding to deflection magnitudes 
of 5x10'” m. Measurements 
of even smaller deflections are 
associated with detection of 
atto-Newton (10’’* N) level 
forces [32], 

Although there are several 
ways to measure deformations 
of microcantilevers, the “opti- 
cal lever” approach is very 
attractive [29] for this pur- 
pose. According to this ap- 
proach, a beam of light, usu- 
ally from a laser, is focused 
on the end of a microcantile- 
ver [29]. Microcantilever de- 
vices are normally designed 
so that the probing laser light 
is mostly reflected without 
absorption. The light reflected 
off the cantilever is directed 
onto a two-element (or four- 
element) photodiode, the out- 
puts of which are electroni- 
cally amplified and their difference signal is measured [27, 29]. When the 
microcantilever deforms in response to absorbed IR radiation, the spatial 
distribution of the light projected onto the photodiode changes. As a result, 
integral illumination of one photodiode increases whereas that of the other 
photodiode decreases and the difference in their relative signal changes. The 
change in the measured signal is related to the degree of microcantilever 
bending and is a function of the absorbed thermal radiation. 




Figure 3. Schematic of a bimaterial cantilever 
device showing the mechanical response to ab- 
sorbed infrared radiation. Initial state (A) of the 
bimaterial cantilever changes when absorbed 
photons heat up the device, which leads to (B) 
bending due to the difference in thermal expan- 
sion of the two materials. The parameter Az de- 
notes displacement of the cantilever end. 



2.2 Response of Thermomechanical Detectors 

When the temperature of the system changes, microcantilevers undergo 
bending which is due to difference in thermal expansion of the two materials 
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composing the microcantilever (Figure 3). This basic phenomenon is fre- 
quently referred to as the “bimetallic effect” [33, 34], We previously showed 
that silicon nitride cantilevers with a thin gold film on one side undergo 
measurable bending in response to minute temperature changes [23]. In that 
particular case, the differential stress in the cantilever was created due to dis- 
similar thermal expansion of the silicon nitride substrate and the gold coat- 
ing. Barnes et al. [35] estimated that the smallest temperature changes that 
can be detected using bimaterial microcantilevers are in the range of 10'^ to 
10'^ K. 

The steady state deflection of the tip of a bimaterial cantilever tip in re- 
sponse to a temperature change, AT, is given by [34] 
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where 4 is the microcantilever bimaterial length, ti and 4 are the thickness of 
the coating and the microcantilever substrate, ai and a 2 are the thermal ex- 
pansion coefficients of the coating and microcantilever, and E\ and E 2 are 
the Young’s moduli of the coating and microcantilever. As shown in Fig- 
ure 3, Az refers to the vertical deflection of the centerline of the microcanti- 
lever, at its outmost (right) end due to thermally induced stress. It can be 
concluded from Equation (1) that the displacement, Az{o)), can be maxi- 
mized by designing detectors with proper geometry and selecting appropriate 
bimaterial layers. Although the thickness of each layer, as well as the overall 
length of the cantilever, have a dramatic effect on the displacement magni- 
tude, optimization of the cantilever design can not be achieved based on the 
condition of the maximum displacement alone. For example, the amplitude 
of cantilever deflection increases as the square of the bimaterial length, 4. 
However, as the cantilever length increases so does the thermo-mechanical 
noise. We should point out that Equation (1) reverts to an equivalent form 
which has been used extensively by a number of groups [1, 35, 36] viz. 
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The response of microcantilever detectors can also be expressed as a 
function of incident radiation power. The temperature rise, AT, of the detec- 
tor as a result of photon absorption is given by the following solution of the 
heat flow equafion [6] 



AT = 






( 3 ) 



where Pg is fhe amplifude of fhe radianf power falling on fhe canfilever, rj is 
fhe absorbance (absorbed fracfion) of fhe radianf power, G, is fhe fhermal 
conducfance of fhe principal heaf loss mechanism, co is fhe angular fre- 
quency of modulafion of fhe radiafion and rth is fhe fhermal response fime. 
Anofher frequency-dependenf ferm is relafed fo fhe facf fhaf microcanfilever 
defecfors are mechanical resonafors and amplifude of fheir responses is a 
resonanf funcfion of inpuf sfimuli (femperafure changes in fhe presenf 
case) [29] 



Az(a>) - 



Az 



0) 



CO, 



+ - 



0 J 



CO 

2 2 

(Oo Q 



( 4 ) 



where Az is fhe sfeady sfafe deflecfion given by Equafion {\), co and cog are 
angular frequencies of, respecfively, femperafure changes and microcanfile- 
ver mechanical resonance, and Q is fhe qualify facfor. We can obfain fhe fi- 
nal expression for Az((u) by combining Equafions (1), (3) and (4), we obfain 
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3. FIGURES OF MERIT OF IR DETECTORS 

Because of the complex multi-parameter relationships that determine the 
performance of any IR detector, rigorous analytical definitions of figures of 
merit and their understanding are of crucial importance. As we will show 
later, interpretation of these definitions in the framework of quantitative ex- 
pressions for cantilever responses and noise is a key to rational design of 
microcantilever IR detectors. During the last several decades, a number of 
different figures of merit have been introduced in order to characterize IR 
detectors [6, 37-43]. Although many of these parameters are still in use, evo- 
lution of the IR detectors has been accompanied by evolution of characteri- 
zation methods and respective parameters. Some of the previously intro- 
duced figures of merit become outdated merely because of the changes in 
units used to characterize IR detectors. Here we only discuss the figures of 
merit that are currently accepted and used by the IR community [39, 44]. It 
is important to keep in mind that different assumptions are sometimes made 
in defining and measuring these parameters. 

When evaluating the performance of various, especially uncooled, IR de- 
tectors, the parameters of the major importance [39, 43, 44] are: (i) respon- 
sivity, R; (ii) noise equivalent power {NEPy, (iii) normalized detectivities, 
D* (and D**); (iv) noise equivalent temperature difference {NETDy (v) 
minimum resolvable temperature difference {MRTD), and (vi) response time 
X. The definitions of these parameters and their fundamental limits in the 
case of uncooled thermal IR detectors are provided below. There are a num- 
ber of additional parameters that can be used for a more detailed and com- 
prehensive characterization of IR detectors. These include: linearity of re- 
sponse, cross-talk between detector elements in an FPA, dynamic range, and 
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modulation transfer function {MTF). The linearity of response, cross-talk and 
dynamic range are basic parameters amenable to a whole variety of analog 
devices and transducers and their definitions are readily available from a 
number of sources [37, 45]. MTFis traditionally used in testing the perform- 
ance of lenses, imaging systems and their components and describes how the 
output contrast changes as a series of incrementally smaller features are im- 
aged [45]. 



3.1 Responsivity 

The responsivity parameter R (applicable to all detectors) reflects the gain 
of the detector and is defined as the output signal (typically voltage or cur- 
rent) of the detector produced in response to a given incident radiant power 
falling on the detector [39, 43]. 



Rv = 



AF 



or 



P 



( 6 ) 



where Pq is the radiant input power (Watts); AF and A/ are, respectively, the 
output voltage (Volts) and current (Amperes) of the detector. When the defi- 
nition of the responsivity is expanded to include the frequency dependence 
and the wavelength (spectral) dependence [39], then, the responsivity is 
known as the spectral responsivity, R{X, co). It is worthy to emphasize that 
very distinct factors define characteristic features of spectral responsivities in 
the case of quantum and thermal IR detectors. Quantum IR detectors exhibit 
a cut-off in the spectral responsivity above a certain characteristic wave- 
length that is related to the photon energy sufficient to generate additional 
charge carriers (free electrons or electron-hole pairs). Hence, R (A, co) has a 
long wavelength cut-off defined by the bandgap energy of the semiconductor 
or the energy barrier at the metal-semiconductor interface used in the device. 
In the case of thermal IR detectors, however, the far-IR range is readily ac- 
cessible simply by using appropriate detector absorbing areas and materials 
with high-absorptivity (either direct or resonant absorption) in this region. 

Another derivative of responsivity is known as blackbody responsivity, 
R {T, co) and is defined to include the dependence of the detector output sig- 
nal on the temperature, T, of the blackbody-type source. The responsivity is 
a useful technical parameter that allows the prediction of the detector signal 
levels caused by an IR radiation of the given power and wavelength or as a 
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result of thermal radiation from an object at a given temperature and emis- 
sivity. Although responsivity provides a good indication about the perform- 
ance of an IR detector, it does not take into account the level of any intrinsic 
noise in the device, and, therefore, provides little or no information about the 
threshold sensitivity of the detector. In other words, an IR detector with high 
responsivity is not necessarily able to detect low-level IR radiation or to dis- 
tinguish IR sources of nearly the same intensity. It can be concluded that 
knowing the detectors responsivity is important at the stage of designing an 
IR detection system while comparative evaluation of different detectors 
should rely on other figures of merit. 

In the case of thermo-mechanical IR detectors, such as microcantilever 
bimorphs, the intrinsic thermo-mechanical responsivity of the detector can 
be defined in terms of the mechanical response of the device (in units of me- 
ters per Watt), i.e. displacement, Az, per absorbed power, Pg 




( 7 ) 



Similarly as before, a spectral responsivity RXA,co) and a blackbody re- 
sponsivity RJ^ T,co) can be defined. Combining Equations (5) and (7), we ob- 
tain the frequency dependent responsivity, Rz{a>), of a bimaterial microcanti- 
lever IR detector 
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As follows from Equations (4) and (8), the responsivity, Rjyco) can be 
used to express deflection responses of a microcantilever detector as a func- 
tion of changes in its temperature, AE 



Az((u) = 



n 



AE 



( 9 ) 



Equation 9 is used later in our analysis of the performance limits imposed 
by temperature fluctuation noise in microcantilevers. 



3.2. Noise Equivalent Power 

The minimum radiant flux that can be measured by different IR detectors 
with the same responsivity is inversely proportional to the level of total in- 
trinsic noise in the detector. A convenient way to characterize the sensitivity 
of an IR detector is to specify its noise equivalent power (NEP), a parameter 
defined as the radiant power incident on the detector that produces a signal 
equal to the rms detector noise [39, 43]. By this definition, NEP takes into 
account both gain and noise parameters of the detector and can be related to 
the detector responsivity, Ry, Rj or R^ and the rms detector noise [39] 



NEP 




or NEP 




or NEP 




( 10 ) 



where <SV , <SI and <& are, respectively, the rms noise volt- 
age, current and displacement measured within the whole operation band- 
width. Since NEP depends on R, it also depends on the photon wavelength as 
well as on the modulation frequency of the IR power and, therefore, can be 
regarded to as NEP (A ,oi). NEP can also be specified a function of the detec- 
tor temperature, i.e. NEP (Jb, co) [39]. Frequency dependence of NEP is de- 
termined by the detector thermal response time, r, and by the spectral den- 
sity (i.e. frequency dependency) of the detector noise. NEP without specify- 
ing fhe measuremenf bandwidfh may have ambiguous inferprefafion. The 
unifs of NEP may imply eifher a full operafional bandwidfh or a 1 Hz band- 
widfh. As a rule, NEP {A ,co) and NEP ( 7b, co) refer fo a 1 Hz bandwidfh and 
have unifs of W Hz"'^^. 
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3.3 Normalized Detectivity 

The parameter NEP is generally sufficient to evaluate and compare the 
performance of single (spot) IR detectors by predicting the minimum detect- 
able power. However, a figure of merit that is directly proportional to the 
detector performance is more convenient. Starting with a parameter known 
as detectivity, D, which is defined as the inverse value of NEP and taking 
into account the detector absorbing (active) area. Ad and the signal band- 
width, B, one can define specific (or normalized) detectivity, D* as [39] 



D* 



{AdSy'" 

NEP 



( 11 ) 



Normalized (or specific) detectivity D* is, therefore, the detector output 
signal-to-noise ratio at 1 watt of input IR radiation normalized to a detector 
with a unit active area and a unit bandwidth. The units of D* are Jones; 
Jones = (cm Hz^^^ W’’). It should be noted that the definition of specific de- 
tectivity, ZJ*, was originally proposed for quantum detectors, in which the 
noise power is always proportional to the detector area and noise signal (A 
or A/n) proportional to the square root of the area. However, the noise in 
thermal IR detectors does not always obey this scaling trend. In fact, neither 
temperature fluctuations nor thermo-mechanical noise (see the next section) 
scale up with the detector area. Therefore, D* should be very cautiously in- 
terpreted when applied to thermal IR detector. In fact, D* tends to overesti- 
mate the performance of larger absorbing area thermal detectors and under- 
estimates the performance of smaller ones. In general (even in the case of 
quantum detectors), D* ignores the significance of smaller detector elements 
for high-resolution FPAs. 

In order to take into account possible variability in the efficiency of the 
optics used for characterization of IR detectors, the focal ratio F, (reciprocal 
of twice the half angle of the marginal ray from the edge of the optics to the 
focal point, is included into a modified definition of the normalized detectiv- 
ity, ZJ** 
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A reasonable approximation of F assumes that the target remains at infin- 
ity so that F =fo/d, where /« is a focal length of the optics and c/ is a diameter 
of the optics. 



3.4 Noise Equivalent Temperature Difference 

The noise equivalent temperature difference {NETD) is a parameter char- 
acterizing the low-signal performance of thermal imaging systems and is 
more applicable to FPAs of IR detectors. NETD is defined as the temperature 
of a target that is different from the background temperature and results in a 
detector output signal equal to the detector rms noise [39, 43, 46]. NETD can 
be specified for a single detector element or can be averaged of all detector 
elements in an array. Alternatively, NETD can be defined as the difference in 
temperature between two blackbodies, which corresponds to a signal-to- 
noise ratio of unity [43]. When an IR imager produces images, it actually 
maps the detected temperature variation across a scene or an object. How- 
ever, the resulting images are also affected by the emissivity of the objects in 
the scene. 

Small values of NETD reflect the ability of an IR imager to distinguish 
slight temperature or emissivity differences of the objects. A number of rela- 
tionships for predicting NETD has been derived [6, 39, 41, 46]. NETD can 
also be calculated by knowing the rms noise and a signal for a given differ- 
ence between target and background temperatures [46] 



NETD = 
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where AFr^, A/j^and Azj- are, respectively, changes in the output voltage, cur- 
rent and deflection of the detector in response to a change of the target tem- 
perature from the background temperature, Tb, to T,. Using the responsivity 
definition given by Equation (7), we can substitute Equation (13) Azt in with 
7?((y)xAPowe get 



NETD = 




RACD)^P, 



{T,-T,) 



(14) 



where AP^ is a change in the incident radiation power when temperature of 
the target changes from T^, to 7). 

In Section 4, we will discuss several distinct noise mechanisms in MEMS 
detectors and show how the respective fundamental limits of NETD depend 
on the detector design and its operation regime. 



3.5 Minimum Resolvable Temperature Difference 

The minimum resolvable temperature difference {MRTD) is widely ac- 
cepted by the IR community as a measure of the total performance [39, 44] 
of IR imaging systems. The rigorous definition of MRTD involves both the 
temperature sensitivity and the spatial resolution of a thermal imaging sys- 
tem [44, 46]. MRTD is a more informative parameter than NETD when a 
combination of spatial resolution and temperature sensitivity need to be are 
taken into account. Although well-established methods have been developed 
to measure MRTD, it is still one of the most difficult figures of merit to de- 
termine. 



3.6 Respouse Time 

A general definition of the response time, t, for any sensor systems is the 
time required for a transient output signal to reach 0.707 (2'*^^) of its steady 
state change. Similarly to other sensor or transducer systems, any IR detector 
exhibits a characteristic transient behavior when the input IR power changes 
abruptly. In many cases, transient behavior of an IR detector accounted for 
by considering a first order low-pass filter. In these cases, the detector re- 
sponsivity in the time domain is given by [45] 




P. G. Datskos and N. V. Lavrik 



395 






(15) 



where, x is the detector response time, and co is the angular modulation fre- 
quency of the radiation to be detected (angular frequency, co=fl2n, is com- 
monly used in theoretical evaluations of thermal detectors). However, the 
transient behavior of thermomechanical detectors can be more complex than 
that predicted by Equation (15) because of the mechanical resonances pre- 
sent in mechanical devices. 

When transduction of the absorbed IR energy is based on photo- 
electronic excitation (quantum detectors), the intrinsic response time can be 
less than a nanosecond. Although the response time of quantum IR detectors 
is often limited by high-impedance electronic readout, their overall response 
times are commonly shorter than 10'^ s [15]. This satisfies the requirements 
of the majority real-time IR imaging applications. By contrast, much longer 
response times (typically in the range of 10'^ to 10"' s) of thermal IR detec- 
tors are associated with the required accumulation of heat in the detectors 
active area and are directly related to their transduction mechanism. The re- 
sponse time of a thermal IR detector, Zth, can be calculated as the ratio of the 
heat capacity of the detector to its effective thermal conductance, viz.. 



T 



th 



C 

G 



(16) 



where C is the heat capacity of the detector active area and G is the total 
thermal conductance between the active area of the detector and the support 
structure (i.e. a heat sink). Equation 16 provides a convenient way to esti- 
mate the response time of a thermal IR detector, including thermo- 
mechanical devices. In Equation 16, the heat capacitance, C, is total capaci- 
tance which takes into account the individual capacitances for each of the 
materials comprising the detector active area given by the products of the 
specific heat capacitances and their respective masses. The value of G 
should take into account all the heat loss mechanisms in the detector and in 
the case of evacuated thermal detectors these are conductive and radiative 
losses. 
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4. NOISE SOURCES IN THERMAL IR DETECTORS 

Noise sources may exist within the IR detector itself, as it interacts with 
its environment or can be introduced by the detector readout system. While 
significantly reduced sizes and heat capacitances improve sensitivity of mi- 
cromachined thermal and calorimetric detectors, the noise mechanisms in- 
trinsic to the microscale, impose several limitations on their performance. 
Two of such limitations (background limited and temperature fluctuation 
limited) are applicable to all types of thermal IR detectors and stem merely 
from the fact that every object, depending on its thermal mass and the degree 
of heat exchange with the environment, undergoes certain temperature fluc- 
tuations. These spontaneous temperature fluctuations are negligible for mac- 
roscopic objects, however, may become a significant source of noise in the 
case of highly thermally isolated microscopic detectors, such as mi- 
crobolometers and micromachined suspended microcantilevers. 

In the case of thermo-mechanical IR detectors, there is an additional fun- 
damental limitation that is related to spontaneous microscopic mechanical 
motion (oscillation) of any suspended microstructure due to its thermal en- 
ergy. For the majority of the readout means, these thermo-mechanical oscil- 
lations are indistinguishable from the temperature-induced bending and, 
therefore, directly contribute to the detector noise. 



4.1 Temperature Fluctuation Noise 

All IR detectors that are based on conversion of IR radiant power into 
heat are affected by temperature fluctuation noise [6, 11, 47]. The magnitude 
of spontaneous temperature fluctuations of the detector can be derived from 
the fluctuation-dissipation theorem (FDT) [6, 11] 




where <ST^> is the mean square fluctuations in temperature of the detector, 
and Jb is the detector temperature. The temperature fluctuations <STtf^> in 
Equation (17) is a result of the integration over all frequencies. Taking into 
account the thermal time constant, Tm, the spectral density of the root mean 
square (rms) temperature fluctuations is given by [6] 
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where kg is the Boltzmann constant and B is the measurements bandwidth. 
Equation (18) shows that thermal conductance G of the principal heat loss 
mechanism is the key design parameter that affects the temperature fluctua- 
tion noise. Figure 4 shows examples of temperature fluctuation spectra cal- 
culated for a typical IR sensitive micro-mechanical detector using Equa- 
tion (18). 

When a thermal detector operates in vacuum or a gas environment at re- 
duced pressures, heat conduction through the supporting microstructure of 
the device is usually a dominant heat loss mechanism [15]. In the case of an 
extremely good thermal isolation, however, the principal heat loss mecha- 
nism can be reduced to only radiative heat exchange between the detector 

and its surroundings which 
is given by 

G=4 assuming 

that the emissivity e=l; at 
is the Stefan-Boltzmann 
constant. For all microme- 
chanical IR detectors in 
atmospheric environment, 
the heat conduction 
through air is likely to be 
dominant heat dissipation 
mechanism. The thermal 
conductivity of air at stan- 
dard temperature and pres- 
sure is 2.4x10'^ W m ‘ 
[15], which yields the re- 
spective thermal conduc- 
10° 10^ 1 Q 2 10° 10^ 10° 10° tance larger than the ther- 

FREQUENCY, f (Hz) mal conductance through 

the supporting beams of a 




Figure 4. Spectral density of temperature fluctua- 
tion noise (rms values of temperature fluctuation) 
calculated for a typical thermal IR detector using 
Equation 18. 



typical microcantilever or 
microbolometer detector. 

In the case of tempera- 
ture sensitive bimaterial 
microcantilever devices. 
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the temperature fluctuation noise can manifest itself as spontaneous dis- 
placements of the cantilever tip, By substituting Equation (18) into 

Equation (9), we obtain the rms of 




4.2 Thermo-Mechanical Noise 

In addition to temperature fluctuation noise and background fluctuation 
noise, there are noise sources that are specific to microcantilever IR detec- 
tors. One of the essential features of microcantilever detectors is that, unlike 
other types of uncooled IR detectors, they are mechanical devices (oscilla- 
tors) that can accumulate and store mechanical energy. When a microcanti- 
lever detector is in equilibrium in a thermal bath, there is a continuous ex- 
change of the mechanical energy accumulated in the device and thermal en- 
ergy of the environment. This exchange is dictated by the fluctuation 
dissipation theorem [48, 49] and results in spontaneous oscillation of the 
microcantilever so that the average mechanical energy per mode of 
cantilever oscillation is defined by thermal energy k^T. Sarid [29] described 
this noise source as “thermally induced lever noise”. 

The analysis provided by Sarid [29] involves the g-factor of a vibrating 
microcantilever, its resonance frequency, coo and stiffness, k. While the Q- 
factor can be defined empirically as the ratio of the resonance frequency to 
the resonance peak width, knowing the exact mechanisms of microcantilever 
damping is important for evaluation of the thermo-mechanical noise spec- 
trum. The thermo-mechanical model described by [29] assumes that damp- 
ing of the microcantilever is of viscous nature. Assumption of predominantly 
viscous damping is valid for microcantilevers in air or water and, therefore, 
justified for micromechanical devices used as force probes in scanning probe 
microscopy. In the case of a microcantilever in a viscous medium, such as 
air or water, the damping force is proportional to the microcantilever linear 
velocity. The resulting noise spectrum is given by [29, 50]. 
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The expression given by Equation (20) results in a frequency independent 
noise density for the frequencies well below the mechanical resonance fre- 
quency, coq, {i.e., co« (Uo). At these low frequencies, the rms of the micro- 
cantilever tip displacements due to thermo-mechanical noise is [29] 




AkJB 

QkcoQ 



( 21 ) 



where k is the spring constant, defined as the ratio of the force applied to the 
microcantilever divided by the displacement of the tip. At the resonance 
{i.e. CO = (ok) [29] 




( 22 ) 



The latter condition may only become important for a thermo-mechanical 
IR detector operating at or near one of its resonance frequencies. It should be 
pointed out that alternative models exist to adequately describe thermo- 
mechanical noise of a mechanical oscillator below its resonance [50]. Majo- 
rana et al. [50] discussed an alternative model of thermo-mechanical noise 
that accounts for internal friction processes rather than viscous damping. 
According to this model, the thermo-mechanical noise spectrum can be ex- 
pressed as [50, 51] 
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(23) 



Equation (23) indicates that the density of thermo-mechanical noise fol- 
lows a 1//*^^ trend below the resonance when the damping is due to intrinsic 
friction processes rather than viscous interactions with the medium. Analysis 
of Equations (20) and (23) shows that, regardless of the dissipation mecha- 
nism, the off-resonance thermo-mechanical noise is lower in the case of mi- 
crocantilevers with higher g-factor and higher k. It should be emphasized 
that, while predictions based on Equation (20) are often reported in the lit- 
erature [1, 52, 53], the noise density calculated according to the two alterna- 
tive models may substantially deviate from each other at low frequencies 
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[49-51], Furthemore, the intrinsic friction model predicts the low frequency 
noise to be independent of the microcantilever resonance frequency provided 
that the stiffness, k, is constant. By contrast, the viscous damping model pre- 
dicts that the low frequency noise of a microcantilever detector can be de- 
creased by increasing its resonance frequency even without changes in its 
stiffness. Therefore, knowing the actual mechanisms of mechanical dissipa- 
tion in the microcantilever detector can be critical in analyzing thermo- 
mechanical noise of a microcantilever detector in the frequency range rele- 
vant to real-time IR imaging. 



5. FUNDAMENTAL LIMITS 



The fundamental limits to the performance of the microcantilevers are re- 
lated to the properties of the thermal detectors themselves and, therefore, 
independent of the readout means. The primary fundamental limits are the 
background fluctuation limit and the temperature fluctuation limit. These 
limits exist due to the fluctuations in the detector temperature that result 
from the dynamic nature of the heat exchange between the detector and its 
surroundings. An ideal, noiseless readout amplifies and displays bofh fhe 
signal and fhe noise inherenf fo fhe microcanfilevers wifhouf disforfing fhem 
or changing fhe signal-fo-noise rafio. In pracfice, fhere are no ideal, noiseless 
readouf mefhods; af besf, fhe readouf decreases fhe inherenf signal-fo-noise 
rafio of fhe microcanfilevers by only a small amounf. 

Effecfs of disfincf noise mechanisms on fhe performance of microcanfile- 
ver IR defecfors can be undersfood by analyzing expressions for signal-fo 
noise rafios or NETD fhaf accounf for fhe respecfive noise mechanism. In 
order fo obfain analyfical expressions for NETD for a general case, we will 
fake info accounf efficiency of fhe imaging opfics and assume fhaf fhe emis- 
sivify of fhe fargef, £;=1. Then, fhe incidenf radiafion power, Po, used in 
Equafion (14) can be expressed as a funcfion of fhe fargef femperafure, 7) as 



p _ dP ^ 

° ~ 4FM dT 






(24) 



where, F and To are, respecfively, fhe focal rafio and fhe absorpfion of fhe 
opfics. Ad is fhe defector absorbing area, and {dPldT)x^~x 2 is the slope of fhe 
funcfion P= f (T ) fhaf describes power radiafed by a blackbody fargef wifhin 
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the spectral band from A/ to X 2 per unit area of the detector. By substituting 
Equation (24) into Equation (14), we obtain 



NETD = 




TqA^R{co) 




/i] ~^2 



(25) 



The generalized expression for NETD of a microcantilever IR detector given 
by Equation (25) will be used in the following sections in order to evaluate 
the limit imposed by a specific noise mechanism. 



5.1 Background Fluctuation Noise Limit 

The highest possible degree of thermal isolation is always limited by ra- 
diative heat exchange between the detector and its surroundings. As in the 
case of any other heat loss mechanisms, the temporal fluctuations in the ra- 
diative heat exchange give rise to temporal fluctuations in the detector tem- 
perature. These fluctuations correspond to the noise level commonly referred 
to as the background fluctuation limit. Uncooled detectors available today 
can only remotely approach the background fluctuation noise limit. 

Since the background fluctuation noise is the manifestation of tempera- 
ture fluctuation noise when the radiation exchange is the dominant mode of 
heat exchange. Equation (25) can be rewritten for the background fluctuation 
limit, NETDbf, as [6, 11, 42]. 



NETDsf 



mo 







Aj — A2 



j lk B<j jB(Tjj + Tg ) 

V 



(26) 



where Tb is the detector temperature and B is the measurements bandwidth. 



5.2 Temperature Fluctuation Noise Limit 

If the microcantilevers are in an evacuated package, the dominant heat 
loss mechanism will be due to thermal conduction along the legs of the mi- 
crocantilever. Even if the microcantilever and the substrate to which it is 
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mounted are at exactly the same temperature, there is a dynamic heat ex- 
change in both directions along the legs which will cause the microcantilever 
temperature to fluctuate. Only the temperature fluctuation noise should be 
taken into account when the radiative heat exchange between the detector 
and its surroundings is negligible compared to the thermal conduction. By 
combining Equations (19) and (24), we find that the temperature fluctuation 
noise limit, NETDtf, is [43] 



NETDjp 









dP 






(27) 



As can be concluded from Equation (27), it is important to minimize the 
heat exchange between the microcantilever and its surroundings in order to 
decrease the effect of the temperature fluctuation noise and improve the per- 
formance of a microcantilever IR detector. 



5.3 Thermo-mechanical Noise Limit 

As we have shown earlier the thermo-mechanical noise is one of the fac- 
tors that can limit the performance of micromechanical IR detectors. By sub- 
stituting the expression for rms of thermo-mechanical noise [Equation (15)] 
into Equation (25), we find that the thermo-mechanical noise limit, NETDjm, 
is 



NETDp^ 









dP 



X-i ~Xj 



V kQa>Q 



(28) 



Another expression for the thermo-mechanical noise limit, NETDtm', can 
be found in analogous way by assuming the alternative model of the ther- 
momechanical noise (Equation 23) that accounts for the damping caused by 
intrinsic friction 
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8F^ 






dP 



Ai — A'y 



]I kQco 



(29) 



From the practical standpoint, it would be very important to determine 
which of the two models of the thermo-mechanical noise, Equations (20) and 
(23), is applicable to a particular type of a micromechanical thermal detector. 
Nevertheless, the importance of stiffer microcantilevers (higher k) and 
higher g-factors is obvious despite the differences between the two models. 



6. THE MODEL MICROCANTILEVER DETECTOR 

The microcantilever fabricated for the present studies (see Figure 1), con- 
sists of a wider, outmost region (“head”) connected by two narrow beams 
(“legs”) to the base. Each of the legs consists of a bimaterial part and a ther- 
mal isolation region. The “head” and bimaterial parts of the legs of the mi- 
crocantilever have a total thickness of 650 nm and are made of silicon nitride 
with an aluminum layer 6 = 100 nm thick. The length and the width of the 
bimaterial parts are, respectively, 4= 101 pm and Wb=3 pm. The thermal 
isolation regions consist of SiNx. The thickness of SiNx in the thermal isola- 
tion regions is h = 250 nm. The length and the width of these regions is, re- 
spectively, /i = 30 pm and Wi= 1.5 pm. Taking into account the design de- 
scribed above, ti and 4 used in the Equation (1) are 100 x lO'^m and 
550 X 10'^ m, respectively. Tables 1 and 2 summarize parameters of the fab- 
ricated device and materials used for its fabrication. By substituting these 
geometrical parameters and the materials properties into Equation (1), we 
obtain a deflection of 42.5 nm per Kelvin. This parameter can be interpreted 
as the temperature responsivity of the detector, Yj = Az/AT. By optimizing 
the relative thicknesses of SiNx and A1 the value of can be increased sub- 
stantially. For example Yj can be increased almost three-fold by creating a 
cantilever with =217 x 10'^ m and 4 =433 x 10'^ m. The length and the area 
of the IR absorbing head is 4 = 66x10"^ m and = 2.706x10'^ m^, respec- 
tively. 

Figure 5 shows experimentally measured and calculated noise spectral 
densities for the microcantilever IR detector shown in Figure 1. Our calcula- 
tions were conducted using Equations (19), (20) and (23) and parameters 
mentioned above. 
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Table 1. Thermophysical properties of SiNx, A1 and Si02 



Young’s 

modulus 
E’Cx 10” Pa) 


Expansion 

Coefficient 
a(x 10-'^ K- 


Thermal 

Conductivity 
‘) g (W m ‘ K-‘) 


Heat Capacity 
c (x 10'’ 

J m’^ K ') 


Density 
p(x 10-^ 
kg m’^) 


SiNx 385 


2.1 


19 


2.2 


2.4 


A1 70 


25 


237 


2.43 


2.7 


Si02 68 


0.75 


1.1 


1.47 


2.2 




Table 2. Mechanical parameters of the microcantilever thermal detector 




K (N/m) 


M(kg) Q 


ft)b(rad/s) 


/o(Hz) 


Air 


0.01 


4x10-'^ 100 


58,400 


9,300 


Vacuum 


0.01 


4x10-'^ 2000 


75,400 


12,000 




Figure 5. Experimentally measured and calculated noise spectra for the cantilever shown in 
Figure 1. Three series of calculations were conduced using, respectively, the model of tem- 
perature fluctuation noise and two alternative models of thermo-mechanical noise. Each series 
of these calculations was performed using the cantilever parameters for both (A) vacuum and 
(B) air. Note the following artifacts present in the experimental data. The peak around 120 Hz 
in the data for air results form interference with fluorescent ambient lighting. The peak at 1 
kHz in the data for vacuum resulted from mechanical resonances of the mount in the vacuum 
chamber. 
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6.1 Calculations of NETD Limits 

Equations (26), (27), (28) and (29) were used in order to evaluate the lim- 
its of NETD imposed by different noise mechanisms for the microcantilever 
IR detector used in the present studies. For this purpose, we established the 
values of the relevant parameters. The focal ratio F is defined as the recipro- 
cal of twice the half angle of the marginal ray from the edge of the optics to 
the focal point. However, the focal point moves from the focal length of the 
optics when the target is at infinity, away from the optics as the target be- 
comes nearer. Thus, the angle of the marginal ray decreases as the target ap- 
proaches the imager. 




FREQUENCY, f(Hz) 



Figure 6. The values of NETD calculated as a function of frequency for different noise 
mechanisms. Parameters used in these calculations are summarized in Table 2. TM, TF, 
and BF denote curves corresponding to, respectively, thermo-mechanical, temperature 
fluctuation, and background fluctuation mechanisms. 
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A reasonable approximation is to assume that the target remains at infin- 
ity and that F {=f! D) is the f/no. of the optics, where /is focal length of the 
optics and D is diameter of the optics. The following values of parameters 
for our microcantilever are assumed: F=\, 5=30Hz, 7’£,=T’5=300K, r„=0.90, 
77=0.6. It is also assumed that, similarly to many of other types of uncooled 
thermal detectors, the microcantilevers operate in the 8 pm to 14 pm atmos- 
pheric window, where {^dP / 14 ~ 2.62 W m‘^ K‘*. We obtained 

NETDw = 1.26 mK NETDjv = 7.4 mK, and NETDjm = 5.3 mK. Using the 
alternative model for the thermo-mechanical noise leads to an NETDtm that 
depends on the frequency and exhibits dependence. Assuming a fre- 
quency of 1 Hz to be the weighted center of the 30 Hz modulation frequency 
bandwidth, we determined NETDju'= 510 mK. 

Table 3 summarizes the parameters obtained from in these calculations. 
The values of NETD are calculated as a function of frequency for different 
noise mechanisms and are plotted in Figure 6. Figure 7 shows the tempera- 
ture fluctuation noise limit, NETDtf, calculated for the detector shown in 
Figure 1 and plotted as a function of thermal conductance for 200, 300, and 
400 K. 



Table 3. Performance limits of the microcantilever infrared detector. 



Figure of Merit Value 



NETDbf 


1.26 X 10'^ K 


NETDtf 


7.4 X 10’^ K 


NETDtm 


5.3x 10-^ K 


NETDtiJ 


510 x 10-^ K* 


T 


10.2 X 10'^ s 



calculated for a 30 Hz bandwidth centered at 15 Hz 
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The plots in Figure 7 illus- 
trate the importance of low val- 
ues of Gt. The values of G^a that 
are plotted in Figure 7 corre- 
spond to the radiative heat loss 
mechanism at the three tempera- 
tures of 200, 300 and 400 K. 
These values of G^a represent the 
ultimate limit for the thermal iso- 
lation (for the corresponding tem- 
peratures) and are shown in 
Figure 7. On the other hand, heat 
loss dominated by conductance 
through air Gair is characteristic 
of microcantilever detectors sus- 
pended above the substrate at a 
microscopic distance in air. As 
can be seen in Figure 7 high val- 
ues of Gair correspond to respec- 
tively high values of NETDjf, 
which are higher at higher tem- 
peratures. 




THERMAL CONDUCTANCE, G (W/K) 

Figure 7. Temperature fluctuation limited 
NETDj-p as a function of thermal conductance 
for temperatures of 200, 300 and 400 K. Also 
plotted are (i) the radiation limit of thermal 
conductance, (ii) the conductance through air 
only, and (iii) the values of NETDgp for the 
three temperatures. 



6.2 Evaluation of “Optical Lever” Readout 

The “optical lever” readout [54] is used extensively in AFM to detect 
changes in deflection or oscillation of a microcantilever probe [29]. When 
the laser beam is focused on the microcantilever, the reflected beam deflects 
in accordance to microcantilever bending. The amount of microcantilever 
bending can be measured by directing the reflected spot onto a position- 
sensitive (bi-cell) photodetector that consists of two photodiodes, PDi and 
PD 2 . Our further evaluations will consider displacement, Az, of the tip a bi- 
material microcantilever with length / due to thermal IR radiation falling 
upon it (Figure 3). The input parameters of this evaluation also include 
power of the probing laser beam. Pi, distance, L, between the microcantile- 
ver and the photodetector. Deflection of the microcantilever causes redistri- 
bution of the laser beam power fallen upon each of the two photodiodes. By 
assuming a square (i.e., non-Gaussian) spatial distribution of power within 
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the laser beam, the difference between the power of light fallen upon each of 
the two halves of the photocell can be approximated as [29] 

4L 

AP,=P,—Az, (30) 

la 

where d is the diameter of the light spot projected on the photocell. This dif- 
ference in photodiode illumination leads to a difference, A/, between photo- 
currents of the two halves of the photocell [29] 

= ( 31 ) 

la 

where y is the photocell responsivity in Amperes per Watts. Equation (31) 
shows that the gain of the optical read-out is proportional to the laser power. 
Pi, as well as the geometric factor (3 = 4 E / /, and inversely proportional to 
the diameter, d, of the light spot projected on the photocell. A differential 
amplifier connected to the two halves of the bi-cell produces the output cur- 
rent, /.(, proportional to Az [29] 



AL 4L 

/• = vI) — At = vf) — /’ R. 
^ Id ' 'id 



(32) 



Therefore, the thermal infrared power Po falling on the microcantilever 
can be calculated by measuring the photo-current is, if the photocell respon- 
sivity y, the laser power Pi the distance L, the diameter of the light spot pro- 
jected on the photocell, and the microcantilever length, /, the product of the 
microcantilever responsivity are known. If the responsivity, Rz is determined 
independently using a calibrated source, the incident infrared power, Po, is 



ijcl 

yU\R._ 



(33) 



The total responsivity of a microcantilever IR detector with the optical 
readout can be defined as the current measured at the output of the differen- 
tial photocell divided by the incident infrared radiation power: Roi = is / Po. 
Then, there is a relationship between Roi and Rz given by 
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^ k ( 34 ) 

a 

Equation (34) shows how the total responsivity, Roi, is defined by 
the parameters of the optieal readout. If the power of the probing 
beam is eonstant, higher responsivity, Roi, ean be aehieved by deereas- 
ing the divergence of the readout optical beam. 



6.3 Noise Contribution from the Optical Readout 

As pointed out earlier, optical readout inevitably can add to the inherent 
noise of the microcantilever, although the added noise can be very small. 
Sarid [29] identified five main sources of noise associated with the optical 
readout process. Four of these are: (i) optical pathlength drift, (ii) Johnson 
noise in the photodetector, (iii) laser phase noise, and (iv) shot noise in the 
photodetectors due to the statistical nature of the rate of arrival at the 
photodetectors of the laser photons. Furthermore, both microcantilever bend- 
ing in response to the measured IR radiation and temperature fluctuation or 
thermo-mechanical noise are amplified by the optical read out by a factor of 
p. According to Sarid [29], low frequency components of laser phase noise 
are reduced greatly at the differential amplifier due fo good common mode 
rejecfion. Likewise, opfical pafhlengfh changes are nof a significanf noise 
source since fhey do nof affecf fhe differenfial signal in fhe direcfion perpen- 
dicular fo fhe laser beam. Therefore, Johnson noise and shof noise in fhe 
phofodefecfors are fhe mosf imporfanf mechanisms of noise added by fhe 
opfical readouf. The mean square noise currenf <5/ j> from each phofodefec- 
for is [29] 



. 2 . 4A«77i 



<dij >=■ 



(35) 



where r is fhe phofodefecfor resisfance. The differenfial amplifier adds in 
quadrafure fhe mean square noise from fhe fwo phofocells which doubles fhe 
noise. According fo Sarid 29, however, fhe Johnson noise confribufion is 
much smaller as compared fo phofodefecfor shof noise. Phofodefecfor shof 
noise is somefimes referred fo as lighf source shof noise, since if reflecfs an 
infrinsic feafure of any lighf. Phofonic shof noise is relafed fo fhe sfafisfical 
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nature of the rate of arrival at the photodetectors of the laser photons. It is a 
well-established phenomenon that manifests itself as fluctuation of the cur- 
rent output in the photodetector [29] 









(36) 



2 • 

where <5z s> is the mean square fluctuation of photo-current in the differen- 
tial photodetector due to photonic shot noise and q is the charge of an elec- 
tron. Taking into account the relationship between a photodetector output 
current and a microcantilever tip displacement given by Equation (32), the 
shot noise can be expressed in terms of the microcantilever rms displacement 




1/2 



cj_ n [_ 

r y pi'i 



(37) 



Equation (37) shows how the value of rms displacement equivalent to 
photon shot noise is influenced by the parameters of the optical readout. 



NETD NEED NEED. 



6.4 Total Noise 



Taking into account all the fundamental noise sources deseribed 
above, we obtain a generalized expression for the total NEEDt 



SEED 



4/- 



Ml 






oi^ 



{cf/ 



(38) 



4,-4. 



^.\ETDry + SETDim - 



In order to evaluate Equations (36) and (38), appropriate values of the pa- 
rameters need to be selected. For this purpose we use the same values for F, 
To, q, B, E, and {dP / c/7)s i4 nm as before. In addition, the following parame- 
ters of the optical readout are assumed: P = 6000, y = 0.6 A/W, 
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^ = 1.6 X 10'*^ Cb, d = 2.5 x 10'^ m, and a laser power Pi = 10'"' W. Using 
these values, the microcantilever responsivity, Roi. was calculated to be 
950 A/W. 

Using Equation (36), we found the contribution of shot noise at the dif- 
ferential output of the photocell to be <5/^ = 1.7 x 10“'^ A. The equiva- 

lent rms of microcantilever displacement calculated according to Equation 
(31) is <5 z^ns>*^^= 1.13 X 10'*^ m. These results are summarized in Table 4. 
The A£TDv 5 limited by shot noise is shown in Figure 7. Unlike the intrinsic 
mechanisms of microcantilever noise, the shot noise is frequency independ- 
ent. As a result, 7?(co) is the only frequency-dependent term in the expression 
for NETDns. As it follows from Equation (25), NETDns is inversely propor- 
tional to i?(co). This explains a specific shape of the dependency of NETDns 
on the modulation frequency shown in Figure 7. At low modulation frequen- 
cies values of NETDns are well below NETD values defined by other noise 
mechanisms. As a result, there is a very small contribution of the optical 
readout into the total NETD. 



Table 4. Performance of the microcantilever with optical readout, measured at the output of 
optical lever. 


Figure of Merit 


Value 


Rol 


950 A/W 


<6/ 


1.7 X 10-‘^ A 


2 .1/2 
<6z N> 


1.13x 10-‘^m 


NETDns 


1.1 X 10'^ K 


NETDt 


9.2 X 10'^ K 



7. DISCUSSION 

Several fundamental noise sources were identified as highly relevant to 
the performance of MEMS based IR detectors. The dynamic thermal equilib- 
rium between the detector and its surroundings is one of these fundamental 
noise sources that manifests itself as small, but measurable, temporal fluc- 
tuations in the detector temperature. In a microcantilever IR detector, the 
temperature fluctuations manifest themselves as nanoscale motions of the 
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microcantilever end, i.e., as fluctuations in displacement Az. The amplitude 
of these oscillations increases when the detector becomes better thermally 
isolated from its surroundings with an inverse square root dependence on Gt. 
However, the signal response varies as Gr*, and therefore the ratio of the 
output signal to the temperature fluctuation noise improves as the thermal 
conductance between the detector and its surroundings decreases. This trend 
reaches its fundamental limit when the conductance is reduced to radiative 
heat exchange only. It should be emphasized that this regime (known as the 
background fluctuation limit) is not accessible by any of the uncooled IR 
detectors existing today. 

Optimized thermal IR detectors can closely approach temperature 
fluctuation noise limit determined by heat loss due to thermal conduction 
through detector structural parts. Microbolometers developed by Raytheon 
with FPAs with individual elements of 25 pm^ exhibited an NETD of 30 mK. 
Since NETD scales inversely proportional with the detector area, this NETD 
value corresponds to almost 8 mK for a detector with an area of 50 pm^ [55]. 

If, however, the thermal detector is not in an evacuated package, the 
dominant heat loss mechanism is likely to be thermal conduction through the 
air surrounding the detector. The temperature fluctuation noise associated 
with this relatively high conduction through the air could limit the perform- 
ance of any IR thermal detector below acceptable levels. 

A noise mechanism specific to micro-mechanical devices is termed 
broadly as “thermo-mechanical” [29, 56] or “mechanical-thermal noise”[57]. 
While this type of noise is absent in the other types of thermal detectors, it 
plays a very important role in microcantilevers. The importance of ther- 
momechanical noise was recognized in early studies of mechanical systems. 
Early attempts to study thermo-mechanical noise [58] can be traced back to 
the late 1920's when Gerlach [59] investigated the rotational Brownian mo- 
tion of a small mirror suspended by a thin wire. Thermo-mechanical noise 
attracted more attention as the goal to reach performance limits in sensor 
technology was set [57, 60]. Gabrielson [57] cited examples that ranged from 
the mirrored galvanometer [59], condenser microphones, and gravitational- 
wave detectors [60]. 

More recently, thermo-mechanical models of noise have been discussed 
by a number of researchers [49-51, 53, 61]. Temperature fluctuations and 
thermomechanical vibrations in microcantilever devices is a major funda- 
mental noise source in AFM [29]. Stowe et. al. [32] used a 60 nm thick mi- 
crocantilever with a resonance frequency of 1.7 kHz and demonstrated atto- 
Newton force resolution that was only limited by intrinsic thermo- 
mechanical noise. Currently, however, there is no model that would unambi- 
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guously predict the frequency dependence of thermo-mechanical noise at 
frequencies well below the microcantilever mechanical resonances. For ex- 
ample, Savran et. al. ei measured the spectral density of microcantilever mo- 
tion in air and found that it is frequency-independent at frequencies below 
the resonance. However, Kajima et. al. [51] measured a noise spectrum 
showing a / dependence of the noise below resonance. 

Our experimental results shown in Figure 5 seem to indicate that there is 
a noise component proportional to / at low frequencies. In fact, experi- 
mentally measured spectra tend be on the upper side of theoretical predic- 
tions for low frequencies. Although the observed frequency dependencies 
could be in part due to a superposition of ambient sources of noise below 
1 000 Hz, the dependence” in the frequency range of 1 to 6 kHz is less 
ambiguous and, most likely, related to thermo-mechanical noise. 

In general, noise in micromechanical devices can be related to noise 
sources intrinsic to the device and noise sources arising from interactions 
with its environments (heat exchange, adsorption-desorption, and readout 
noise [56, 57, 62]. Determining applicability of different noise models is par- 
ticularly important for designing more efficient micro and nanoscale me- 
chanical systems [63]. 

It is interesting to note that the contribution of shot noise (from the opti- 
cal readout) to the output signal [third term in Equation (38)], can be negli- 
gible compared to the temperature fluctuation noise and thermomechanical 
noise i.e., the first and second terms in Equation (38). The rms noise current 
<hi s> is proportional to PI . However, the microcantilever responsivity 
Roi increases linearly with Pi. Therefore, increasing the “read” laser beam 
power. Pi, above the chosen value of 0.1 mW would further improve the 
signal-to-noise ratio. For the calculations conducted in the present studies, 
we assumed that the diameter of the light spot projected on the photocell is 
2.5x10'^ m. Reducing this size would increase the gain of the optical readout. 
Since this would affect both the intrinsic microcantilever noise and useful 
responses to the same degree, the resulting NETDns would remain unaf- 
fected. Similarly, increasing the photocell responsivity y or the displacement 
amplification P would have no effect on the NETDns. The value of the total 
NETDt listed in Table 4 is comparable to the one listed as the NETDiv and 
ATiTDtm values of Table 3. This is consistent with the fact that the contribu- 
tion of the shot noise in the output signal of the optical readout is small as 
compared to the temperature fluctuation noise. In effect, the optical is almost 
a noiseless readout means. Therefore, the overall system comprised of the 
microcantilever and the optical can be temperature fluctuation noise limited 
and/or thermo-mechanical noise limited. 
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The microcantilever detector fabricated according to the selected design 
utilized SiNx as the base material and A1 as a bimaterial layer. We found that 
the intrinsic responsivity of the implemented microcantilever detector was 
iR = 0.066 m/W assuming the detector absorbance of 0.6. The background 
fluctuation noise limited NETDby for the bimaterial microcantilever was 
found to be 1.3 x 10'^ K assuming f/1 optics and a 30 Hz frame rate. The 
temperature fluctuation noise limited NETDjy and the thermo-mechanical 
noise limited NETDtm were found to be, respectively, 7.4 x 10'^ K and 
5.3 X 10'^ K. These values are attributable to the microcantilever itself and 
the IR focusing optics; they do not account for any noise introduced by the 
optical readout process. The contribution from the optical readout appeared 
to be quite insignificant compared to the intrinsic microcantilever noise. 
There is approximately a 2 % difference between the values of NEED calcu- 
lated with and without taking into account the optical readout (shot) noise. 

The performance of microcantilever thermal detectors with the parame- 
ters described in this work are limited primarily by temperature fluctuation 
and/or thermo-mechanical noise. However, the thermal isolation of the bima- 
terial microcantilever studied here is not fully optimized, i.e., the value of 
conductance G= 3.85x10'^ W/K is large compared to the respective parame- 
ter of the advanced microbridge bolometers. Therefore, the performance of 
micromechanical IR detectors can be further improved by using fabrication 
materials and designs that provide stiffer (higher k) microcantilevers and 
better thermal isolation. For example, using Si02 as the material for thermal 
isolation will reduce the value of conductance of the detector Gt, to about 
2x10"’ W/K, i.e. about twenty times smaller compared to the detector of the 
same geometry made from SiNx. 

An important question is whether the NEED of microcantilever IR detec- 
tors are comparable with those of silicon microbridge bolometers employing 
VOx as the resistive material. Because NEED is inversely proportional to the 
sensitive (absorbing) area, it is important to compare devices with similar 
areas. The area of the bimaterial microcantilever studied here is 
2.71 X 10'^ m^, which is close to that of pixels in a typical bolometer FPA 
(2.5 X 10'^ m^). Over the past few years the reported NEEDs of bolometer 
FPAs with a 46 pm pitch have decreased from over 50 mK down to only 25 
mK [64]. More recently, a value of 35 mK was reported for a 320x240 FPA 
of microbolometers with a detector pitch size of only 25 pm [5]. This was 
achieved primarily due to advances in the resistive readout and optimization 
in the detector thermal isolation. Similarly, these design parameters should 
be optimized in order to improve the performance of microcantilever IR de- 
tectors and FPAs based on them. 
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Further optimization of microcantilever IR detectors requires minimiza- 
tion of both temperature fluctuation and thermo-mechanical noise. In par- 
ticular, thermo-mechanical noise in microcantilever IR detectors can be 
greatly reduced by increasing the microcantilever stiffness and Q-factor. The 
adverse effect of the temperature fluctuation noise can be reduced by in- 
creasing the detector thermal isolation. This could be achieved by changing 
the geometry (lengthening, narrowing or thinning) of the thermal isolation 
region or using materials with lower thermal conductivity, such as Si02. It is 
important to emphasize, however, that the highest practically useful thermal 
isolation is likely to be limited by the requirement of fast response times in 
the case of real-time imaging. In fact, the thermal response time of the detec- 
tor is inversely proportional to the detector thermal conductance and directly 
proportional to the detector heat capacity. The thermal response time of the 
microcantilever thermal detector investigated in this work is 10.2 ms which 
is satisfactory since 30 frames per second operation typically requires the 
response time to be shorter than 12 ms. 



8. CONCLUSIONS 

With the development of thermal detectors, a challenge arises in the ef- 
forts to define parameters that both applicable to uncooled IR detectors and 
consistent with parameters used to describe cooled photon detectors. In this 
work we provided a detailed analysis of figures of merit that apply to all IR 
detectors and evaluated them in more detail for the case of thermo- 
mechanical detectors based on MEMS. Our analysis identified several fac- 
tors that determine the performance of uncooled IR detectors based on bima- 
terial microcantilevers. The common factors that limit the performance of 
microcantilever and other thermal detectors include temperature fluctuation 
noise and its manifestation, background fluctuation noise. Taking into ac- 
count the mechanical nature of microcantilever detectors, we also evaluated 
the limitations imposed by the thermo-mechanical noise. In addition to gen- 
eralized theoretical evaluations, we conducted both theoretical and experi- 
mental studies that focused on one specific design of a bimaterial 
microcantilever with the optical readout. 

The performance of uncooled IR systems is limited by the detector intrin- 
sic noise. Fundamental mechanisms of heat exchange and dissipation induce 
spontaneous temperature fluctuations of all thermal IR detectors and impose 
two important fundamental limits to their performance, referred to as the 
background fluctuation noise limit and the temperature fluctuation noise 
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limit. The performance of a thermal IR detector can reach its absolute theo- 
retical limit when the thermal isolation between the detector and its sur- 
rounding is so high that the dominant heat loss mechanism is radiation ex- 
change between the detector and its surrounding. Although the thermal con- 
ductance of the support structure can be almost infinitely reduced, this will 
also result in a much longer thermal response time, which is inversely pro- 
portional to the thermal conductance. Optimization of thermal IR detectors 
may, therefore, involve a tradeoff between an acceptable time-constant and 
their responsivity. Since the response time is directly proportional to the heat 
capacity, the limitations of this tradeoff can be eliminated in part by reducing 
the heat capacity of the detector. Although the fundamental limits are inde- 
pendent of readout means, they do depend on the intrinsic gain of the detec- 
tor. Theoretical relationships between the figures of merit and the detector 
parameters can be used to rationally design thermal IR detectors with opti- 
mized performance. 

As can be concluded from the present work, uncooled microcantilever 
thermal detectors have the potential to achieve NETD values already demon- 
strated by other uncooled thermal detectors and achieve sensitivity levels of 
resistive microbridge bolometers. The models discussed in the present work 
provide a clear guidance for designing and fabricating microcantilever ther- 
mal detectors that are limited mainly by temperature fluctuation noise. More 
specifically, this guidance dictates that the proper selection of the materials 
and geometries should provide a combination of high thermal isolation, high 
stiffness (spring constant) and finesse (Q-factor) of the microcantilever 
structure. In general, the analyzed figures of merit indicate that, in the near- 
est future, microcantilever thermal detectors will likely approach the per- 
formance of currently available resistive microbridge bolometers with NETD 
values in the range of 40 to 60 mK. 
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Abstract: Bulk acoustic wave devices have been developed for the detection and 

quantification of a large number of compounds. Most of those works do not 
include an application to real samples and are poor characterized from an 
analytical chemistry point of view. An overview of the analytical requirements 
for a real application is reviewed and usual problems frequently faced by the 
analyst using thickness shear mode devices are presented, as well as some 
solutions and illustrative practical examples taken from the literature. 

Keywords: bulk acoustic wave devices, thickness shear mode resonators, quartz crystal 
microbalance, chemical analysis. 



1. INTRODUCTION 

The applications and demands for chemical sensors reach all areas of 
human activity, as well as the earth and out of space environment. Reliable, 
simple, low cost instruments prone to be used by non-specialists would be 
the ultimate goal for any company or researcher. Unfortunately, there are not 
so many cases of success in the market of chemical sensors. However, a few 
examples clearly show that it is possible to develop reliable sensors to be 
used in a large scale: One million of Tagushi sensors are fabricated every 
year, and there is not a single chemist that had never used a pH electrode. 

The number of publications on mass sensors shows their importance and 
how the investigators believe that they can be an answer to solve analytical 
problems. There are unfortunately not so many papers reporting applications 
analysing real samples, and most of the work deal only with standards. 
Validity of calibration curves is also ignored and the real performance of the 
new reported sensors is not evaluated. The lack of chemical evaluation 
comes often from the fact that the authors give no value to it. Often it is said 
that the aim of the sensor is just to detect changes and trends and not to do 
chemical analysis. This argument has some weakness from the analytical 
chemistry point of view, and renders its practical utility questionable. A few 
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questions remain unanswered: Are those trends related to real ehanges in the 
sensor ehemieal environment, or are just reflexes of baseline drift? Is the 
sensor sensitive and fast enough to deteet a ehange in eoneentration 
signifieant for the purpose in study? How long does ealibration stand? Are 
there speeies other than the analyte to whieh the sensor responds? 

The development of the sensor must take in aeeount those questions, and 
strategies to improve the signal to noise ratio, deteetion limit, aeeuraey and 
preeision need to be seek. This ehapter is not an overview of the problems, 
whieh are multidiseiplinary and would benefit with the point of view of 
physieists, ehemists, mathematieians and engineers, and is also not a list of 
reeipes, but a modest refleetion around these problems based on the author 
own experienee. 



2. BULK ACOUSTIC WAVE DEVICES 

A variety of aeoustie wave deviees ean be manufaetured with 
piezoeleetrie substrates or oriented voltage pooled films or materials. 
Different erystal orientation, thiekness and geometry of the eleetrodes allow 
the design of a variety of deviees using several aeoustie wave types. This 
ehapter will deal just with bulk aeoustie wave deviees, but surfaee wave and 
plate wave sensing deviees ean also be produeed. 

Most of the bulk aeoustie wave deviees are made of a piezoeleetrie 
substrate, usually quartz, onto whieh metal eleetrodes are deposited on both 
sides. When a voltage is impressed between both eleetrodes, the quartz 
erystal deforms. Conneeting the quartz erystal to an appropriate oseillator 
[1,2] makes it to oseillate with a frequeney, whieh is dependent on the 
thiekness of the quartz wafer. The resonant frequeney of the quartz erystal is 
remarkable eonstant and is the reason for its use in high aeeurate and preeise 
instruments as eloeks and eounters. 

Figure 1 shows a sehematie diagram of the quartz wafer, wave motion 
and partiele displaeement. 




O 



Figure 1. Quartz Wafer, Wave Motion and Particle Displacement. 



Sauerbrey [1] and Lostis [2] found that whenever a small mass was 
attaehed to the eleetrodes, a proportional frequeney deerease was observed. 
The prineiple that allowed the erystals to be used as very preeise balanees 
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was found. Sauerbrey derived an equation that relates the frequeney deerease 
{AF) with the mass of a uniformly distributed deposited fdm 



AF _ AMf 
F tApq 



( 1 ) 



for a quartz erystal with density pq, thiekness t, fundamental resonanee 
frequeney F, and eleetrode area 

Sauerbrey equation is still used to ealeulate the mass deposited onto the 
erystal eleetrodes, in spite of the faet that it is only valid for thin rigid layers, 
within a relation for the mass to unit area of the fdm to quartz not larger than 
0.02 [5-7]. These restrietions eome from the assumptions made during its 
derivation, namely that the added mass behaves like quartz and does not 
experienee a shear deformation. 

After Sauerbrey, several investigators attempted to derive other equations 
whieh eould be used with larger mass loads and that took into eonsideration 
the properties of the deposited film. 

Behrndt [8] showed that measuring the period of the erystal oseillation, 
instead of the frequeney, allowed to inerease the working areal density load 
range up to 10% of the one of quartz [9-1 1]. 

Miller and Bolef [12] followed by Lu and Lewis [13] treated, for the first 
time, the fdm and the erystal as a eomposite resonator strueture. Lu and 
Lewis [13] derived the following equation: 



tan 









P/^/ 

P.V. 



tan 



TtF 



J 



( 2 ) 



where Fc is the frequeney of the eomposite resonator, Fq the resonant 
frequeney of quartz, Ff the resonant frequeney of the deposited film, pj and 
Pq the density of the fdm and the quartz, respeetively, v/ and Vq are the shear- 
wave veloeities in the fdm and quartz, respeetively. This equation shows that 
the frequeney depends on the ratio 



PfVf 

Pq^ 



( 3 ) 



whieh is the ratio between the shear - mode aeoustie impedanee of the 
deposited material and quartz. The “z-mateh” deviees based on the last 
equation are more exaet than the previous ones and, aeeording to Benes, 
experimentally proved to be able to handle areal density ratio for fdm over 
quartz of 0.7 [9, 11, 14]. However, praetieal applieation is not simple as both 
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density and shear modulus of the deposit must be known. The situation is 
even more eomplex as, often, the z ratio for the thin fdm is different from 
that of the bulk material [9]. Benes [9, 11, 14] has made attempts to 
overeome this problem, proposing an auto-z-mateh method of estimating the 
z ratio by measuring two quasiharmonieally related resonant frequeneies, 
but there are left a few theoretieal as well as praetieal problems [6, 10]. 

Meeea and Bueur [5, 6] developed a more eomplex theory, based on a 
eompound resonator idea formed by the quartz erystal and the deposited 
fdm, whieh is known by the energy transfer model. The main novelty eomes 
from the idea that the adherent deposit fdm on the quartz does not have its 
own vibrational frequeney, as in Miller and Bolef model, but vibrates 
synehronously with the quartz. This model prediets that the quartz resonator 
is strongly affeeted by the viseosity of the deposited fdm, and ean be applied 
not just for sensors operating in gas phase but also for erystals in liquid 
phase. 

The possibility of extending the use of quartz erystal sensors to liquid 
media was only shown to be possible in 1980 [15, 16]. Density (d), 
eonduetivity, and viseosity (r|) of the solutions were shown to affeet the 
frequeney of the erystal [15, 17] and Yao and Zhou [18] verified that for 
mixtures of water / organie solvents, the frequeney depended also on the 
dieleetrie eonstant of the liquid. The first physieal models were developed in 
1985 by Bruekenstein and Shay [19], and Kanasawa and Gordon [20]. 
Bruekenstein and Shay [19] used dimensional analysis to develop the 
following equation: 



J\F = -126^Wnp{r],d,y , (4) 

where n = 1 or 2, depending on whether one or two faees of the erystal are in 
eontaet with the solution. Kanasawa and Gordon [20] derived an expression 
similar to the one of Bruekenstein and Shay, where the relevant parameters 
influeneing the frequeney were also shown to be density and viseosity. 

These early studies elearly showed that, besides attaehed mass, the 
frequeney depended on the properties of the solution. This opened new 
opportunities as it eould be easily used to deteet eontamination of starting 
materials in pharmaeeutieal formulations [21]. Also the monitoring of 
baeteria growth ean be made reeording the frequeney of a quartz erystal 
while nutrients are eonsumed and metabolites are produeed [22, 23], with 
applieation in toxieology studies [23]. 

Unfortunately, the applieation of a simple equation, eapable of predieting 
the frequeney shift produeed by known density and viseosity ehanges, or the 
inverse, the predietion of the properties of the solution after frequeney 
reeording, is not possible. The problem is even more eomplex as Kurosawa 
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et al. [24] showed that the eireuit influeneed the frequeney ehanges 
measured in solutions and that the equations of Bruekenstein and Shay and 
Kanasawa and Gordon did not hold for eleetrolyte or polymer solutions. 

Other faetors have been reeognised to influenee frequeney. Sehumaeher 
et al. [25-27] introdueed surfaee roughness, and frequeney beeame also a 
funetion of the mass per unit area of the liquid eonfmed in the eavities of the 
roughness surfaee. Heusler at al. [28] eonsidered surfaee stress influenee on 
the resonant frequeney, and Thompson et al. [29, 30] eonsidered the effeet of 
ehanges in interfaeial surfaee strueture and interfaeial properties sueh as free 
energy and slippage in the behaviour of a erystal in eontaet with a liquid. 

Other equations have been developed and an overview of the main 
theories ean be found in the work of Thompson et al. [30]. Besides the 
assumptions and approximations made on the several theoretieal models, 
other faetors sueh as meehanieal elamping, elamping in the eleetrieal eireuit, 
and temperature, also affeet the absolute aeeuraey. For these reasons it is 
neeessary to use ealibration eurves in quantitative work. 



3. CHEMICAL MASS SENSORS 

A ehemieal sensor is a deviee able to eontinuously monitor speeifie 
ehemieal speeies. Janata [31] elearly distinguishes between a ehemieal 
sensor and a ehemieal sensing system, whieh performs analysis by diserete 
steps. 

Any ehemieal speeie that interaets with the eleetrodes of the piezoeleetrie 
erystal, ehanging its mass, to speak of the best known sensing meehanism, 
ean be deteeted. A good example is the amalgamation of mereury vapour 
onto gold eleetrodes [32, 33]. Whenever the analyte does not direetly internet 
with the metal of the eleetrodes, it is sometimes possible to quantitatively 
eonvert it into a deteetable substanee. This was sueeessfully attempted by 
Guilbault et al., and Gomes et al. in the quantifieation of SO 2 [34, 35], and 
eyanide [36]. Those eompounds were indireetly quantified as mereury, as the 
formation of Hg (II) eomplexes promotes mereury disproportionation with 
the eonsequent amalgamation of the mereury vapour onto the gold 
eleetrodes. 

Whenever no deteetable ehanges are produeed on the eleetrodes, the 
analyst is foreed to eoat the eleetrode with a ehemieal substanee, whieh does 
internet with the analyte. For instanee, amines are known to internet by an 
aeid-base reaetion with CO 2 , [37] and host-guest moleeules and zeolites 
possess eavities eapable of aeeommodate eertain ions or moleeules [38, 39]. 

Figure 2 shows sehematieally the ehanges in the frequeneies of the erystal 
due to eoating and analyte interaetion. 
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Figure 2. Changes in the Frequency of the Quartz Crystal Due to Coating 
and Analyte Interactions. 



As a true sensor must provide eontinuous information, the interaetion 
between the analyte and the eleetrode, eoated or not, needs to be reversible. 
As Edmonds says [40], reversibility, as beauty, lies on the eye of the 
beholder, and in many situations reeovery of the sensor to baseline is slower 
than the time needed to obtain the response signal [41], although when both 
proeesses are governed by diffusion both rates ean be identieal [42]. The 
time required for response and eomplete reeover must be shorter than the 
proeess eontrol time eonstant. Anyway, it is out of question to use a sensing 
element, whieh is not reversible within the time of the analysis. In analytieal 
applieations, where eonfidenee of the analysis needs to be known, individual 
ealibration of eaeh sensor eannot be avoided, espeeially whenever 
irreprodueible eoating methodologies are applied and sensitivity of eaeh 
sensor is unknown. 

Weak interaetions between the analyte and the eleetrode are desirable 
from the point of view of reversibility. On the other hand, ehemieal 
reaetions, where moleeular bonds need to be formed and broken, and where 
energies involved are so high (300 kJ mol'^ per bond) that in praetiee we are 
in the presenee of irreversible interaetions, tend to be more speeifie [43]. 
Examples of the first ease are easy to find, and there are in the literature a 
large number of sensors employing gas ehromatographie stationary phases as 
sensitive layers. The analytieal signal has its origin in absorption phenomena 
and seleetivity is governed by polarity similarity. It is well known in organie 
ehemistry the rule “like dissolves like”, but differenees between partition 
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coefficients between different gases and the coating tend to be slight and 
selectivity of these sensors are poor. Weak interactions governed by van der 
Waals forces are examples of reversible interactions. In the case of 
adsorption, the energies involved can go up to 40 kJ mof’, ranging from van 
der Waals’ to acid-base interactions. Energies involved in coordination 
chemistry are between adsorption and covalent bond formation and could be 
regarded as a trade off between reversibility and selectivity [43]. Examples 
of charge transfer complex formation based sensors are those involving the 
interaction of gases as NO 2 and a metal ion surrounded by organic ligands, 
as in metallophtalocyanines [44]. Selectivity can be tailored by choosing the 
central metal, usually based on hard and soft acids and bases concept, and 
choosing the ligands, based on electronegativity or steric effects. Di Natale 
et al. presented a set of different metalloporphyrins with different selectivity 
degree to several organic compounds [45-47]. 

The search for a suitable coating is one of the most important and 
sometimes difficult jobs during the development of a sensor. Besides 
reversibility, the coating must be stable, it must not be volatile, or swallow, 
decompose, change its shape or spread along time. Very promising coatings 
can sometimes cause unexpected problems if they are very viscous and are 
applied for instance with an airbrush, as small drops spread along time 
causing tremendous changes in sensitivity [48]. 

Figure 3 shows schematically the basic requirements for the sensing 
layer. 

As acoustic wave sensors do not respond only to mass, the terms mass 
sensors, and quartz crystal microbalances, although in use, can be very 
restrictive regarding the sensing possibilities. Other terms as bulk acoustic 
wave and thickness shear wave devices are more general. 

Besides detecting changes in both density and viscosity of solutions it 
also detects changes in the morphology of the fdm and phase changes [48- 
51]. All phenomena that can produce a detectable and reproducible signal 
can be valuable for analytical purposes. Combined phenomena, for instance 
mass and phase changes [52], density and viscosity changes [23, 53] can be a 
gold mine for analytical chemists. As long as linearity between signal 
magnitude and concentration of the analyte can be assured for any of the 
contributions, there is no need to attempt to separate them. In fact, the 
analyst will be pleased to have reproducible phenomena that allow 
enhancing and increasing the gravimetric analytical signal. The sign of the 
response is also not important from the analytical chemistry point of view. It 
can be a frequency decrease, increase, or even have both negative and 
positive contribution. The analyst will gladly use the largest signal he can 
get, as long as it can be correlated with the analyte concentration and is 
reproducible. 
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, , The mass of the product 

Reversible interaction 

mass of the coating 
(sensitivity) 

Selective interaction 



Figure 3. Main Requirements Governing Coating Selection. 



Table 1 shows examples of sensors based on different sensing 
meehanisms. 



Table 1. Examples of Thickness Shear Wave Sensors Based on Several Transducing Physical 
Properties. 



Transducing Property 


Analyte 


Ref. 


mass 


earbon dioxide 
amine 


54 

55 


density and viseosity 


ethanol 

baeteria growth 


53 

23 


mass and phase transition 


earbon dioxide 


52 



4. EXPERIMENTAL LAYOUT 

Experiments ean be performed in bateh or in a flowing injeetion system. 
Operation in bateh implies that after eaeh sample, or standard introduetion, 
stationary stage must be attained before frequeney reeording takes plaee. In 
flow injeetion analysis (FIA) the minimum frequeney is read and 
reprodueibility is guaranteed by operating at a eonstant flow. Both 
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methodologies need baseline stability, but the bateh experiments need longer 
stability of baseline, beeause one must be sure that reading is eonstant before 
reeording it, or that it ehanges with the same rate as baseline. FIA offers the 
advantage of simple and easy reeording of the frequeney with preeision, as 
there is no doubt in pointing out the minimum frequeney, even if baseline 
frequeney experienees a steady frequeney inerease, as far as its ehanging rate 
is slower enough to assure it did not ehange during the time needed to reeord 
the frequeney shift. FIA experiments tend to be faster and easy to perform 
than experiments in bateh, and, for this reason, only experimental layouts for 
FIA methods will be present. 

Figure 4 shows the experimental layout used for gas analysis. A eonstant 
nitrogen flow is maintained in the system. This stream of nitrogen earries 
both the standards and samples, injeeted through a Teflon septum, to the eell 
housing the quartz erystal. The eell divides the stream in two parts, eaeh one 
direeted to the eentre of the quartz erystal. Both faees of the quartz erystal 
are eoated in order to obtain the highest sensitivity. In ease of harmful gases, 
and for seeurity reasons, a trap must be added to the eell outlet. 




Figure 4. Experimental Layout Used for Flow Injection Gas Analysis. 



This is the simplest layout. The only purpose of the eoil after the injeetion 
port is to delay the analyte in order that any pressure pulse beeomes well 
separated from the signal. The eoil should be kept as small as possible in 
order to deerease dispersion [56]. It is possible to earry out ehemieal 
reaetions to transform the analyte into a deteetable eompound, for whieh a 
reaetion eell with the reagent is assembled after the injeetion port, and a 
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dessicant tube inserted before the quartz crystal cell. Figure 5 shows an 
example of such an experimental layout. 







Figure 5. Experimental layout for an experiment where the gas injected in I passes through a 
reagent and is converted into a detectable compound (P: power supply, O: oscillator, 
F: frequency meter, T:trap, S: dessicant; I: injection port; M: flowmeter). 



With most oscillators, the quartz crystal can only vibrate with one face in 
contact with a liquid, and a special cell with a sealant to prevent wetting one 
of the faces of the crystal must be used. Only one face of the crystal will be 
used for sensing purposes and only the electrode in contact with the liquid 
must be coated. It is important to remember that there is no advantage in 
coating both faces as some coating compounds, for instance some 
commercial metal ionophores can be very expensive (5 mg of a sodium 
ionophore costs 284 Euros). 

Figure 6 shows one possible experimental layout used for the analysis of 
solutions. A constant stream of an inert carrying liquid, for instance Milli-Q 
water, is flowing through the crystal cell. A constant pressure is maintained 
inside the bottle of water, and this pressure is the driving force that keeps the 
liquid flowing. The loop of the injection valve was fdled with the analyte, or 
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standard solution, and is carried to the crystal cell after the opening of the 
valve. 




loop 



Figure 6. Experimental Layout Used for the Analysis of Solutions. 



Once again it is possible to conduct reactions in the system if water is 
replaced by a reagent or other reagent streams merge with the analyte 
stream. If a reaction is taking place inside the system, the introduction of a 
coil of tube, between the injection port and the crystal cell, can increase the 
reaction time and the quantity of the product formed. These FIA systems are 
quite versatile and allow easy changes of configuration. 

Some authors include a reference crystal while others don’t. This 
reference should correct for baseline drift. Most of the drift is however 
related to changes that flow, temperature, and humidity produce on the 
coating, as well as to coating aging. These effects on coating could only be 
corrected if the reference crystal was coated with a compound that would 
physically and chemically behave in the same way as the sensing layer, but 
that remained insensitive to the analyte. In practice, it is impossible to find 
such a compound and this is the reason why some investigators do not 
include a reference. 

It is very important to remember that most investigators achieved higher 
frequency stability when the oscillating circuits were placed very near, or 
directly attached to the crystal. Shielding of the device is also important but 
there are no general rules to follow. It is important to emphasise that 
increasing signal to noise ration is more art than science [57]. 
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5. DEVELOPING A SPECIEIC SENSOR 

Sensors are designed to solve speeifie analytieal problems and it is 
mandatory to start by elearly defining the analytieal problem. It is important 
to know the physieal and ehemieal properties of the sample. Is it a gas or a 
liquid? If it is a liquid, the eoating needs to be insoluble and ease it is a solid, 
it needs to be dissolved. The eomposition of the sample needs also to be 
known, as the analyst needs to know if there are other eomponents that ean 
eause interferenee and seleet the eoating that minimizes it. Quartz erystals 
have redueed physieal dimensions and the amount of sample is generally not 
a problem, but in ease of low eoneentrations, as the sensor responds to mass 
and not to eoneentration, the volumes injeeted, for instanee in flow injeetion 
methodologies, must be higher than for the samples of higher eoneentration, 
in order to display a response elose to the eentroid of the ealibration line. In 
the limit, pre-eoneentration steps need to be eonsidered. Beeause of what 
was said, the range of the eoneentration of the analyte on samples needs also 
to be known, and sensitivity requirements need to be aehieved and the range 
of eoneentrations to be aeeommodated within the linear range of the 
ealibration. Aeeuraey demands must be defined, as stability and reealibration 
requirements need to be established. The number of samples to be analysed 
is also a question, as the larger the number, the larger the time and money 
that ean ordinarily be spent on the method development and on attempts to 
reduee the operator time per sample. 

Chemieal and physieal ruggedness is important for all sensors, and 
espeeially if the sensors are intended to be used in the field and in hostile and 
harsh environments or by less trained operators. In vivo sensors have speeial 
requirements of bioeompatibility, miniaturization and eleetrieal shoek hazard 
minimization and bulk aeoustie wave sensors do not seem to be the best 
option available. 



6. MASS SENSITIVITY 

Sensitivity is a measure of the ability to diseriminate between small 
differenees in eoneentration [57]. High sensitivity is attained both with a 
good preeision and a steep ealibration eurve. Usually, sensitivity is 
eonsidered to be synonymous of ealibration sensitivity and it is 
quantitatively defined by the slope of the ealibration eurve. 

Deviees with high frequeneies of oseillation were predieted to be more 
sensitive to mass ehanges, but the higher the frequeney, the thinner the 
quartz wafer. As very thin plates are diffieult to handle, 5 to 10 MHz AT eut 
quartz erystals are generally used. A few authors tried to inerease sensitivity 
working at higher harmonies or with erystals with unusual high fundamental 
frequeneies [58, 59]. 
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Sensitivity is mainly defined by the ehoiee of the sensitive layer, although 
most of the ehoiees are empirie. Besides the experiments earried out with 
eommereial available gas ehromatographie stationary phases [60, 61], 
eoatings with undefined strueture, as Ueon 75-H-90,000 and Ueon-LB-300X 
[62] and aeetone extraet of soots resulting from burning of various organo 
ehlorine eompounds [63, 64] have been employed. There are also examples 
where families of eompounds, known to internet with some de degree of 
seleetivity with the analyte, and by a known meehanism, have been used 
[37], as well as seleetive reeeptor moleeules as erownethers, eryptands, 
eavitands, porphyrins, ealixarenes and eyelodextrines [38, 39, 45]. A word 
must be said about the investigations on modelling of solubility interaetions 
between vapour moleeules and polymerie phases using linear solvation 
energy relationships (LSERs), where the partition eoeffieient of a vapour in 
a polymer is eorrelated with parameters related to polarizability, dipolarity, 
hydrogen bond aeidity or basieity and dispersion interaetions [62]. A very 
eomplete review paper written by Grate and Abraham [63] ean be a very 
good guide for eoating seleetion, where the investigators ean find a summary 
of the desirable eoating properties, an interesting overview of the 
interaetions between the analyte and the eoating and also praetieal 
reeommendations of speeifie funetional groups that should be ineluded on 
the eoating eompound in order to maximize partieular interaetions. 

Sensitivity is usually improved by inereasing the eoating amount and by 
earefully design the quartz erystal eell. While eoating mass governs 
sensitivity in absorption phenomena [42], better sensitivities, if responses are 
governed by adsorption, ean be obtained with larger eoated areas. Therefore, 
roughness of the aetive surfaee ean play an important role, and a signifieant 
inerease in sensitivity to amines has been aehieved rubbing the gold 
eleetrode of the quartz erystal with alumina [55]. 

Swelling of polymers, due to gas absorption, produees an extra frequeney 
deerease. Therefore, if the same mass of a gas would be sorbed on two 
sensors, one eoated with a hard porous eoating and the other with a polymer, 
a larger response would be observed in the last one [67]. 

Binary systems like Au-Hg, for whieh several phases are known to oeeur 
for different eompositions, show a eomplex ealibration eurve, and it was 
shown that the sensitivity of the gold eleetrode quartz erystal to mereury is 
not eonstant and ehanges with the standard eoneentration [51]. It is preferred 
to work within the range of eoneentrations where sensitivity is higher, whieh 
ean be aehieved diluting the sample or injeeting an appropriate amount, 
whenever this is possible [35]. 

It is also possible a phase transition to oeeur during a gas absorption 
proeess and the eapture of CO 2 by a quartz erystal eoated with 
tetramethylammonium fluoride tetrahydrate is a good example. Besides the 
usual negative shift in the frequeney, a sudden frequeney inerease is also 
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present, due to the liquefaetion of the CO 2 absorption produet [52], The 
frequeney differenee between the minimum and maximum values is the 
analytieal signal, whieh was verified to be proportional to the CO 2 
eoneentration. This is an example where sensitivity ean be improved if the 
analyst does not rejeet what seemed to be, at first sight, an aberration of the 
sensor signal. Table 2 shows a few examples where different solutions were 
applied to enhanee the analytieal signal. 



Table 2. Examples of Applications where Different Measures Capable of Enhancing the 
Analytical Signal were Applied. 



Analyte/coating 


Action to increase the analytical signal 


Ref. 


Amine on a bare quartz 
erystal 


Increasing roughness 


55 


CO 2 on an amine eoatin 


Decreasing temperature 


48 


SO 2 as mereury vapour 
on gold eleetrodes 


Adequate the sample amount to the linear 
highest sensitivity portion of the calibration 
curve 


35 


CO 2 on TMAF 


Selecting the working temperature where 
phase transition takes place 


52 


CO 2 in amine 


Decreasing flow 


48 



Langmuir shape ealibrations are eommon with adsorption interaetions. 
Sensitivity is the highest at the lowest eoneentrations and ealibration eurves 
level off when the surfaee beeomes saturated. As the sensitivity begins to 
deerease with eoneentration, the uneertainty in the eoneentration beeomes 
higher. It is always desirable to adequate the sample to mateh the eentroid of 
the lowest linear portion of the ealibration eurve. 

Duplieating deviees eould only give equal responses if the sensing layer 
eould be perfeetly reprodueed. Although there are eoating methods superior 
to others [68] this is very diffieult, not only beeause deposition teehniques 
need to apply eoating with identieal thiekness and morphology, whieh is 
praetieally impossible with the most used eoating methodologies, smearing, 
spray or dip eoating, but beeause the bare surfaee needs to be perfeetly 
eleaned and to possess equal roughness. Therefore, eaeh sensor needs to be 
ealibrated and its sensitivity evaluated. However, this irreprodueibility does 
not mean than an experieneed investigator is not eapable of preparing a 
duplieate deviee eapable of attaining a deteetion limit on the desired range. 
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It is not unusual to observe a degradation of sensitivity along time. 
Morphologieal ehanges and aging ean be responsible for these ehanges. 
Changes in morphology ean be partieularly important when gas flowing 
streams impinge onto the erystal [48], The smoothing of the eoating along 
time ean be pereeptible looking at mieroseopie images of the surfaee [48], It 
is also neeessary to be eareful in avoiding solid partieles in the stream along 
with dust partieles, as they ean damage the sensing layer [69], Aging ean 
also be eaused by irreversible sorption of small amounts of water or other 
eompounds. 

In flow injeetion analysis, high dispersion, assoeiated with long and large 
diameter tubes or with the presenee of reaetion ehambers, ean deerease peak 
height and deerease sensitivity. 

The interaetion between eoating and analyte, and therefore sensitivity, is 
temperature dependent. Spontaneous adsorption proeesses are exothermie 
and for this reason the responses of the quartz erystal are higher at low 
temperatures [48]. Other proeesses as phase transition are also temperature 
dependent and if temperature is too low they do not oeeur [52]. 

Sometimes, in order to aehieve a eertain deteetion limit a pre- 
eoneentration step is neeessary. Onee again, we are no longer talking of a 
true sensor but of a sensing system. 



7. SELECTIVITY 

An ideal sensor would respond only to the analyte. Seleetivity is the 
degree to whieh the response is free of interferenees. Seleetivity ean only be 
obtained from a eriterions ehoiee of the eoating, as frequeney shifts do not 
reveal their souree. 

Most of the works appearing in the literature use non-speeifie eoatings, as 
polymers where the gases dissolve, and ean hardly be used in the real world. 
It is however true that there is no sueh thing as a universal sensor, and that 
the development of eaeh sensor must be pursued with its purpose in mind. 
The investigator needs to know the eomposition of the sample for whieh the 
sensor is designed. It is unthinkable that a lot of effort is spent eliminating an 
interferenee if that substanee is absent from the material whieh is going to be 
analysed. Analysis of volatiles in headspaee ean also eliminate some 
problems, as non-volatile eompounds are no longer of eoneern. For those 
reasons, we ean hardly speak of a sensor for CO 2 , SO 2 , or other eompound. It 
is mandatory to speeify that the sensor measures for instanee CO 2 or SO 2 in 
wine. 

Although not very often reported, exeept for ion seleetive eleetrodes, 
numerie seleetive eoeffieients are very useful to evaluate interferenees and 
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can help on the choice of a particular membrane composition in the presence 
of a complex matrix sample [39]. 

Selectivity requirements are less demanding when an array of sensors is 
employed, as in electronic noses or tongues, and complex systems can be 
analysed with the aid of chemometrics [70], 

The analyst can also get rid of interfering compounds using molecular 
scrubbers or separation methods. Although sensitivity is reduced in the pre- 
separation steps, reliable analytical systems can be designed. Inteference 
from SO 2 and NOx in the analysis of CO 2 emitted by a car engine, were 
efficiently removed passing the sample through a zeolite [71]. Figure 7 
shows the experimental arrangement. 




Figure 7. Experimental arrangement including a zeolite trap, after the injection port 
(P: power supply, O: oscillator, X: crystal, F: frequency meter, M: flowmeter). 



8. CALIBRATION 

Calibration curves are usually temperature dependent, and for adsorption 
processes responses increase with temperature decrease [48]. Usually, 
adsorption isotherms show Langmuir shape with an initial steep slope, which 
levels off due to surface coverage and shortage of vacant sites. 

Although long lasting calibration curves are desired by every analyst, 
frequent recalibrations are often needed. There are a huge number of reasons 
responsible for limited calibration validity, and a complete list is not going to 
be given. Only a few facts prone to be at least partially controlled by the 
analyst will be mentioned. 
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Sensitivity is not uniform on the erystal surfaee and is higher at the eentre 
of the eleetrodes, deereasing through the edges aeeording to a Gaussian 
funetion [3]. A ehange in the position of the eoating, due to spreading or to 
the formation of holes, leads to ehanges in sensitivity and reealibration is 
mandatory [48]. 

Espeeially for erystals with easily bending eonneeting wires, the ehanees 
that their position inside the eell differs eaeh time they are taken out and 
reinserted into the eell are high. For this reason it would be preferred not to 
toueh the erystal during the analysis of both standards and samples. 

Aging ean be a result of eoating degradation, but also of the erystal itself 
In experiments of mereury determination, mereury amalgamates onto the 
gold eleetrodes of the piezoeleetrie erystal and erystals are eleaned by 
heating them at 180-200 °C. After a large number of temperature eyeles it is 
observed an inerease in the frequeney of the elean erystal that ean be 
attributed to the detaehment of some of the gold segments. 



9. VARIABILITY 

Variability ean lead to frequent ehanges of sensitivity and ealibration 
eurve, as diseussed before. Besides, there are variability sourees that ean 
affeet the response of individual samples or standards, either making 
ealibration impossible or leading to erroneous results. It is diffieult to 
separate permanent ehanges from momentary ehanges. Probably some of the 
variability sourees already diseussed ean turn to be permanent and affeet the 
whole ealibration eurve, while others affeet one single sample of a whole set. 

Besides being sensitive not only to the analyte but to other matrix 
eompounds, there are many faetors prone to affeet the response of a 
thiekness shear mode sensor. Being aware of some of those faetors ean 
eontribute to alert the analyst against misleading signals. 

Temperature ean eause ehanges in the response signals for several 
reasons. It is true that the frequeney of a bare quartz erystal ehanges with 
temperature, but as AT-eut quartz erystals are used, this is not expeeted to be 
a major problem when working at room temperature. Therefore, most 
experiments are not run at eontrolled temperatures, exeept when working 
with liquids, as density and viseosity do ehange signifieantly with 
temperature shifts of just a few degrees. The main problem with temperature 
slight shifts arises from the ehanges oeeurring within the eoating. Polymer 
eoatings are espeeially prone to modify with temperature and modulus 
deerease with thermal expansion leading to a deerease in the frequeney. This 
frequeney deerease observation does not eorrespond to any mass ehange. 

The polymer expands when a vapour is absorbed, and this volume 
inerease eannot also be negleeted as it ean eontribute signifieantly to the 
total observed frequeney deerease. Onee again this volume inerease reduees 
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the modulus of the sorbent polymer and multiplies the frequeney deerease 
that would be observed in a pure gravimetrie proeess [67]. Analytieal 
ehemists ean use the total frequeney shift regardless of its gravimetrie or 
non-gravimetrie origin, possibly with a gain in terms of sensitivity. 
However, a diffieulty ean arise due to the faet that the deerease in the 
modulus ean be enlarged for higher vapour eoneentrations, whieh would be 
translated in nonlinear sensor responses relative to the vapour eoneentrations 
[67]. 

Temperature range within whieh experiments are run is also important 
with polymers as a diseontinuity in the slope of the veloeity-temperature plot 
would be observed erossing the glass transition temperature Tg. This 
diseontinuity arises due to the ehange in the polymer thermal expansion rates 
at Tg [67]. Chain relaxation proeesses, oeeurring after perturbation of ehain 
segments by aeoustie waves, ean also influenee polymer modulus and 
frequeney [72]. A more puzzling effeet, known as film resonanee, where the 
upper surfaee of the polymer fdm lags behind the motion of the deviee, is 
eharaeterized by an inerease in wave veloeity [72, 73]. Film resonanee 
depends on fdm thiekness, aeoustie wave frequeney, polymer modulus and 
density [72]. 



10. RELIABILITY 

The performanee of the sensors ean only be evaluated if referenee 
samples are analysed or the results obtained analysing real samples are 
eompared with the ones obtained by an offieial method. The results should 
be eompared both in terms of aeeuraey and preeision [74]. 

The sensors are usually developed and tested in the laboratory and said to 
be useful for field, and at real time, monitoring. Most of the sensors are 
however very fragile, prone to interferenees from environmental noise, 
ehange their frequeney with temperature, ete, and would benefit from further 
development that would involve shielding and inereasing their resistanee to 
meehanieal shoek. This is a hard job and it is usually not fully done beeause, 
as sensors need to be developed for a speeifie applieation, the market is very 
small and does not justify the investment. 



II. SENSOR ARRAYS AND HIGHER ORDER SYSTEMS 

Single seleetive sensors are not feasible for some applieations with 
eomplex matriees, while in other situations they are not even desirable. 

An array of sensors ean transfer mueh of the developing effort and 
seleetivity requirements to the mathematieal and eomputational field. 
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Mathematical methods are used to select the optimal sensing elements to 
integrate the array and to interpret the results of the set of sensors. 

Arrays of piezoelectric quartz crystals were used for classification and 
quantification purposes [75]. Examples are the arrays developed to detect 
odorants and hazardous organic vapours [76-81], fish storage time [82], 
organic contaminants in water [83], to discriminate between aromas of 
different kinds of dripped coffee or wine and other beverages [84, 85], 
perfume and flavour identification [86], and monitoring of the drying 
process of organic samples [87]. 

Tatsuma et al. [88] reported an array of independent quartz resonators 
fabricated on a single quartz wafer. 

A hybrid sensor system, containing sensors based on different transducer 
principles was proposed by Gopel et al. [89] and applied to different 
samples, found in the car, food and aroma industries. The authors claimed 
that the use of different transducer principles was essential for the 
unequivocal identification of odours and flavours. Di Natale et al. [90] also 
found advantages integrating QCM and electrochemical sensors for fish 
freshness evaluation, as QCM showed to be capable of higher resolution in 
the first stages of the process and the electrochemical sensors showed higher 
resolution at the end. 

Di Natale et al. [91] merged together data obtained from headspace QCM 
measurements (electronic nose) and liquid potentiometric measurement 
(electronic tongue). In spite of using metalloporphyrins as sensitive material 
both for gas and liquid sensors, a net increase in information was clearly 
obtained with the integration of both systems. 



12. HYPHENATION WITH OTHER TECHNIQUES 

Selectivity and sensitivity can be improved by hyphenating the quartz 
crystal microbalance with separation techniques or pre-concentration 
devices. 

In spite of the fact that we are no longer talking of true sensors, and the 
fact that such hyphenations are usually not cheap and instrumentation 
becomes bulky, they can be of interest for chemical analysis and deserve to 
be mentioned. 

Powerful separation techniques as gas or liquid chromatography would 
allow separating the components of a sample before they reach the quartz 
crystal. In spite of the fact that we are no longer talking of mass sensors, 
these sensitive mass detectors can be useful in adding some extra selectivity 
to complex and difficult analysis [92]. However, as the quartz crystal is now 
used as a chromatographic detector, it is probably no longer desirable to 
have an extreme selective device and non-specific coatings have also been 
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used [16, 93-95] as well as a few eompounds with some speeifieity 
[92, 96-99], 

The hyphenation with eleetroehemieal teehniques gave rise to a new 
aeronym and instrument: the eleetroehemieal quartz erystal mierobalanee 
(EQCM) whieh sueeess eomes from the faet that it provides new information 
to the study of eleetroehemieal proeesses, as mass deposited or stripped from 
the work eleetrode, whieh is a piezoeleetrie quartz erystal, ean now be 
monitored simultaneously with the eurrent vs. potential measurements. The 
mass information is however not restrieted to eleetroehemieal proeesses and 
adsorption or ion and solvent movements in redox polymer fdms ean be 
deteeted and studied. For quantitative analysis, the main advantage eomes 
from the faet that eleetroehemieal pre-eoneentration of the speeies on the 
erystal followed by anodie stripping allows deteeting and quantifying 
eleetroehemieal aetive speeies at very low eoneentrations. Traee metals in 
the environment whieh would be impossible to deteet by a quartz erystal 
mierobalanee ean now be quantified [23, 100]. 



13. NETWORK ANALYSER 

A sole frequeney, usually the series frequeney, is measured with a 
frequeney eounter. This frequeney eeases to exist under high loads or 
viseous losses. 

An impedanee /network analyser measures the voltage applied aeross the 
erystal at several frequeneies, and the eurrent flowing through it. This is 
known as a passive method in opposition to the oseillator method, known as 
aetive method, where the erystal is part of the oseillating eireuit. With the 
passive method, other frequeneies as the frequeney at minimum or highest 
impedanee ean always be read, even in the absenee of series and parallel 
frequeney. Besides allowing a more eomplete understanding of the sensor, as 
more information, ineluding the eleetrie parameters of the equivalent eireuit 
eould be available, it makes possible to use the sensor in analytieal situations 
where the aetive method fails. 

The network analyser is very useful for material eharaeterization and ean 
give an insight into the transduetion meehanism, as for instanee an inerease 
in mass produee a shift in the admittanee peak but no ehanges in its height, 
whieh does experienee a deerease in eontaet with a viseous liquid. However, 
the network analyser is not adequate for sensing applieation, as it is bulkier 
than an oseillator and expensive. Oseillators are generally suitable for 
sensing applieations but must be used earefully as ehanges in attenuation ean 
produee frequeney ehanges [72]. 
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Abstract: Nanomaterials such as metal or semiconductor nanoparticles and 
nanorods exhibit similar dimensions to those of biomolecules, such 
as proteins (enzymes, antigens, antibodies) or DNA. The integration 
of the nanoparticles, exhibiting unique electronic, photonic and 
catalytic properties, with the biomaterials, revealing unique 
recognition features or catalytic properties, yields novel hybrid 
nanobiomaterials of synergetic properties and functions. The 
present review article describes recent advances in the use of 
biomolecule-nanoparticle (metallic or semiconductive) assemblies 
for bioanalytical applications. In these systems the unique 
electronic, photonic, optical and catalytic properties of the 
nanoparticles are used to transduce the specific biorecognition and 
biocatalytic functions of the biomaterial components. 

Keywords: biosensors, biomaterials, nanomaterials, enzyme, antigent, antibodie, 
nanoparticle, nanorods, DNA 



1. INTRODUCTION 

The unique eleetronie, optieal and eatalytie properties of metal and 
semieonduetor nanopartieles (1 nm - 200 nm), together with the different 
methods available for the preparation of nanopartieles of eontrolled shape 
and size, provide exeiting building bloeks for nanoseale assemblies, 
struetures and deviees. A variety of synthetie methodologies for the 
preparation of nanopartieles within a narrow size distribution are available 
[1]. Often, the nanopartieles are prepared by "wet ehemistry" proeedures 
where the elustering of the metal atoms or semieonduetor moleeules 
proeeeds in the presenee of a surfaee eapping ligand. This eapping ligand 
binds to the metal/semieonduetor elusters, prevents aggregation of the 
partieles into bulk material, and eontrols the final dimensions of the 
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nanoparticles. Many capping systems are available including hydrophobic 
monolayers [2], positively- or negatively-charged hydrophilic monolayers 
[3] and polymer layers [4]. Association of molecular units to the 
nanoparticles introduces chemical functionalities that can provide 
recognition or affinity interactions between different appropriately modified 
particles, and thereby dictate the structure when aggregation occurs [5], New 
collective properties of aggregated nanoparticles [6] such as the coupled 
plasmon absorbance, interparticle energy transfer, and electron transfer or 
conductivity may be observed in the clustered assemblies. 

The chemical functionalities associated with nanoparticles enable the 
assembly of 2D- and 3D-nanoparticle architectures on surfaces [6]. 
Composite layered or aggregated structures of molecule- or macromolecule- 
crosslinked nanoparticles on surfaces have been prepared, and the specific 
sensing of substrates [7], tunable electroluminescence [8], and enhanced 
photoelectrochemistry [9], have been accomplished. The assembly of 
nanoparticle architectures on surfaces has also led to the fabrication of 
nanoscale devices such as single electron transistors [10], nanoparticle-based 
molecular switches [11], metal-insulator-nanoparticle-insulator-metal 
(MINIM) capacitors [12], and others. Several reviews have addressed recent 
advances in the synthesis and properties of nanoparticles [6, 13] and the 
progress in the integration of composite nanoparticle systems with surfaces 
[6, 14]. 

Recent trends involving the convergence of biotechnology and 
nanotechnology accelerate the development of hybrid nanomaterials 
incorporating the highly selective catalytic and recognition properties of 
biomaterials such as proteins/enzymes and DNA with the unique electronic, 
photonic and catalytic features of nanoparticles. The conjugation of 
nanoparticles and other nano-objects (e.g. nanorods, carbon nanotubes) with 
biomaterials is a tempting research project that provides a route into 
nanobiotechnology [15, 16]. Evolution has optimized fascinating 

macromolecular structures exhibiting unique recognition, transport and 
catalytic properties. The conjugation of nanoparticles with biomaterials 
could provide electronic or optical transduction of the biological phenomena, 
resulting in the development of novel biosensors [17]. Enzymes, 
antigens/antibodies, and biomolecular receptors have dimensions in the 
range of 2-20 nm, comparable to those of nanoparticles, and thus the two 
have structural compatibility. Several fundamental features show 
biomaterials to be important future building blocks for nanoparticle 
architectures: (/) Biomaterials reveal specific and strong complementary 
recognition interactions, e.g. antigen-antibody, nucleic-acid-DNA, hormone- 
receptor. The functionalization of a single kind of nanoparticle or different 
kinds of nanoparticles with biomaterials could lead to biomaterial- 
nanoparticle recognition and thus to self-assembly, {ii) Various biomaterials 
include several binding sites, e.g. the two Fab-sites of antibodies, the four 
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binding domains of streptavidin or concanavalin A. This allows the 
multidirectional growth of nanoparticle structures, {in) Proteins may be 
genetically engineered and modified with specific anchoring groups. This 
facilitates the aligned binding to nanoparticles, or the site-specific linkage of 
the biomaterial to surfaces. Consequently, directional growth of nanoparticle 
structures may be dictated. Furthermore, other biomaterials, such as double- 
stranded DNA, may be synthetically prepared in complex rigidified 
structures that act as templates for the assembly of nanoparticles by 
intercalation, electrostatic binding to phosphate groups, or by association to 
functionalities tethered to the DNA. (/v) Enzymes provide catalytic tools for 
the manipulation of biomaterials. For example, the ligation of nucleic acids, 
or the endonuclease scission processes of nucleic acids, provide effective 
tools for controlling the shape and structure of biomaterial-nanoparticle 
hybrid systems. In this context, it is important to note that Mother Nature has 
developed unique biocatalytic replication processes. The use of biocatalysts 
for the replication of biomaterial-nanoparticle conjugates may provide an 
effective system for the formation of nanostructures of pre-designed shapes 
and compositions. 

The unique properties of nanoparticles make nanoparticle-biomaterial 
conjugates attractive labels for sensing applications. The electronic sensing 
of biomaterials on surfaces is a common practice in analytical biochemistry. 
Thus, the immobilization of nanoparticle-biomaterial conjugates on surfaces 
provides a general route for the development of electronic biosensors. It is 
the aim of this paper to review the recent advances in the application of 
biomaterial-nanoparticle hybrid systems for designing novel biosensors. 



2. BIOELECTRONIC SYSTEMS EOR SENSING BASED 
ON NANOPARTICLE-ENZYME HYBRIDS 

Electrical contacting of redox-enzymes with electrodes is a key process in 
the tailoring of enzyme-electrodes for bioelectronic applications such as 
biosensors [18-20] or biofuel cell elements [21]. Redox-enzymes usually 
lack direct electrical communication with electrodes and electrical 
contacting of redox proteins with electrodes was achieved by the application 
of diffusional electron mediators [22], the tethering of redox-relay groups to 
the protein [23], or the immobilization of the enzymes in redox-active 
polymers [24, 25]. Nonetheless, relatively inefficient electrical contacting of 
the enzymes with the electrode is achieved due to the non-optimal 
modification of the enzymes by the redox units or the lack of appropriate 
alignment of the enzymes in respect to the electrode. Very efficient electrical 
communication between redox-proteins and electrodes was achieved by the 
reconstitution of apo-enzymes on relay-cofactor monolayers associated with 
electrodes [26-29]. For example, apo-glucose oxidase was reconstituted on a 
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relay-FAD layer [26, 27], and apo-glucose dehydrogenase was reeonstituted 
on a pyrroloquinoline quinone (PQQ)-modified polyaniline fdm assoeiated 
with an eleetrode [28]. Effeetive eleetrieal eommunieation between the 
redox-eenters of the bioeatalysts and the different eleetrodes was observed 
and refleeted by high turnover eleetron transfer rates from the redox-sites to 
the eleetrode. The effeetive eleetrieal eontaeting of these redox enzymes was 
attributed to the alignment of the proteins on the eleetrodes and to optimal 
positioning of the intermediary eleetron-relay units between the enzyme 
redox eenters and the eleetrode. 

Applieation of eonduetive nanopartieles for eleetrieal wiring of redox 
enzymes paves the way to the novel bioeleetronie sensors. A few 
bioeatalytie eleetrodes have been prepared for biosensor applieations by eo- 
deposition of redox enzymes and Au nanopartieles on eleetrode supports 
[30,31]. For example, direet eleetron transfer between hemoglobin and a 
glassy earbon eleetrode was faeilitated by lipid-proteeted gold nanopartieles 
[31]. The bioeatalytie eleetrodes were reported to operate without eleetron 
transfer mediators, but the random and non-optimized positioning of the 
redox proteins on the eonduetive nanopartieles did not allow the effieient 
eleetron transfer between the enzyme aetive sites and the eleetrode support. 
Highly effieient eleetrieal eontaeting of the redox enzyme glueose oxidase 
(GOx) through a single Au nanopartiele was aeeomplished by the 
reeonstitution of the apo-flavoenzyme, apo-glueose oxidase, (apo-GOx) on a 
1.4 nm Auss-nanopartiele funetionalized with A^-(2-aminoethyl)-flavin 
adenine dinueleotide (FAD eofaetor amino-derivative) ( 1 ). The eonjugate 
produeed was assembled on a thiolated monolayer using different dithiols 
( 2 - 4 ) as linkers. Figure 1(A) [32]. 

Alternatively, the FAD-funetionalized Au nanopartiele eould be 
assembled on a thiolated monolayer assoeiated with an eleetrode, and 
subsequently apo-GOx was reeonstituted on the funetional nanopartieles. 
Figure 1(B). The enzyme-eleetrodes prepared by these two routes reveal 
similar protein surfaee eoverages of ea. 1x10’'^ mole-em'^. The nanopartiele- 
reeonstituted glueose oxidase layer was found to be eleetrieally eontaeted 
with the eleetrode without any additional mediators, and the enzyme 
assembly stimulates the bioeleetroeatalyzed oxidation of glueose 
(Figure 1(C)). The resulting nanopartiele-reeonstituted enzyme eleetrodes 
revealed unpreeedented effieient eleetrieal eommunieation with the eleetrode 
(eleetron transfer turnover rate ea. 5000 s'*). This eleetrieal eontaeting makes 
the enzyme-eleetrode insensitive to oxygen or to common oxidizable 
interferants such as ascorbic acid. The electron transfer from the enzyme 
active center through the Au nanopartiele is rate-limited by the structure of 
the dithiol molecular linker that bridges the particle to the electrode. The 
conjugated benzene dithiol ( 4 ) was found as the most efficient electron 
transported unit among the linkers ( 2 ) - ( 4 ). The future application of 
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effective molecular wires such as oligophenylacetylene units could further 
improve the electrical contacting efficiency. 




Figure 1. Electrical ‘wiring’ of glucose oxidase (GOx) by the apo-enzyme reconstitution with 
a Au nanoparticle functionalized with a single FAD cofactor unit. (A) Reconstitution process 
performed in a solution followed by the assembly adsorption onto a dithiol-modified Au 
electrode. (B) A Au-FAD conjugate adsorption onto a dithiol-modified Au electrode followed 
by the reconstitution of the apo-GOx at the interface. (C) Calibration plots of the 
electrocatalytic current developed by the reconstituted GOx electrode in the presence of 
different concentrations of glucose. 



While the previous system employed the metal nanoparticle as a nano- 
electrode that electronically communicates the enzyme redox-site with the 
macroscopic electrode, one may use enzyme-nanoparticle hybrid systems 
where the product generated by the biocatalytic process activates the 
functions of the nanoparticle. This has recently been demonstrated by 
tailoring an acetylcholine esterase (AChE)-CdS nanoparticle hybrid 
monolayer on a Au electrode, and the activation of the photoelectrochemical 
functions of the nanoparticles by the biocatalytic process [33]. The 
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CdS-AChE hybrid interface was assembled on the An electrode by the 
stepwise coupling of cystamine-functionalized CdS to the electrode, and the 
secondary covalent linkage of the enzyme AChE to the particles 
(Figure 2(A)). In the presence of acetylthiocholine (5) as substrate, the 
enzyme catalyzes the hydrolysis of 5 to thiocholine (6) and acetate. 
Photoexcitation of the CdS semiconductor yields the electron-hole pair in the 
conduction-band and the valence-band, respectively. The enzyme-generated 
thiocholine (6) acts as an electron donor for valence-band holes. The 
scavenging of the valence-band holes results in the accumulation of the 
electrons in the conduction-band and their transfer to the electrode with the 
generation of a photocurrent (Figure 2(B)). 
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Figure 2. (A) Assembly of the CdS-nanoparticle/AChE hybrid system used for the 
photoelectrochemical detection of the enzyme activity. (B) Photocurrent action spectra 
observed in the presence of acetylthiocholine (5): (a) 0 mM, (b) 6 mM, (c) 10 mM, (d) 
12 mM, (e) 16 mM, (f) 30 mM. Inset: Calibration curve corresponding to the photocurrent at 
k = 380 nm at variable concentrations of 5. (C) Photocurrent spectra corresponding to the 
CdS/ AChE system in the presence of 5, 10 mM, (a) without the inhibitor, (b) upon addition of 
the inhibitor (7), 1x10'^ M, (c) after rinsing the system and excluding of the inhibitor. 
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The addition of enzyme inhibitors sueh as 1, 5 -bis 

(4-allyldimethylammoniumphenyl)pentane-3-one dibromide (7) bloeks the 
bioeatalytie funetions of the enzyme and as a result inhibits the photoeurrent 
formation in the system (Figure 2(C)). Thus, the hybrid CdS/AChE system 
provides a funetional interfaee for sensing of the AChE inhibitors (e.g. 
ehemieal warfare) by means of photoeurrent measurements. A similar 
system eomposed of a photoaetivated CdS nanopartieles and eo-immobilized 
formaldehyde dehydrogenase that utilizes formaldehyde as an eleetron donor 
has been reported [34]. In this hybrid system the direet eleetron transfer from 
the enzyme aetive eenter to the CdS photogenerated holes was aehieved and 
the steady-state photoeurrent signal in the system was reported to be direetly 
related to the substrate eoneentration. 



3. BIOELECTRONIC SYSTEMS EOR SENSING OE 
BIORECOGNITION EVENTS BASED ON 
NANOPARTICLES 

The unique optieal [35], photophysieal [6], eleetronie [36, 37] and 
eatalytie [38] properties of metal and semieonduetor nanopartieles turn them 
into ideal labels for bioreeognition and biosensing proeesses. For example, 
the unique plasmon absorbanee features of Au nanopartieles and speeifieally 
the interpartiele-eoupled plasmon absorbanee of eonjugated partieles have 
been widely used for DNA [39] and antibody-antigen [40] analyses. 
Similarly, the tunable fluoreseenee properties of semieonduetor 
nanopartieles were used for the photonie deteetion of bioreeognition 
proeesses [41, 42]. Also eleetroehemieal methods were used to follow 
nanopartiele labels bound to biomaterials. For example, differential pulse 
voltammetry signals (ea. 1.2 V) eorresponding to the oxidation of Au 
nanopartiele labels eonneeted to the target DNA moleeules were applied for 
eleetroehemieal DNA analysis [43]. 

Metal and semieonduetor nanopartieles eoupled to biomaterials generate 
solubilized entities. Nonetheless, even nanoseale partieulate elustered 
systems inelude many atoms/moleeules in the elusters. The solubility of the 
nanopartiele-biomaterial struetures allows the applieation of washing 
proeedures on surfaees that inelude a sensing interfaee, and thus non-speeifie 
adsorption proeesses are eliminated. On the other hand, the speeifie 
eapturing of biomaterial-nanopartieles on the respeetive sensing interfaees 
allows the seeondary dissolution of the eaptured nanopartieles, and thus 
enables the amplified deteetion of the respeetive analyte by the release of 
many ions/moleeules as a result of a single reeognition event. 

Most of the used deteetion sehemes have eommonly relied on a highly 
sensitive eleetroehemieal stripping transduetion/measurement of the metal 
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tracer. Stripping voltammetry is a powerful electroanalytical technique for 
trace metal measurements [44]. Its remarkable sensitivity is attributed to the 
‘built-in’ preconcentration step, during which the target metals are 
accumulated (plated) onto the working electrode. The detection limits are 
thus lowered by 3-4 orders of magnitude, compared to pulse-voltammetric 
techniques, used earlier for monitoring DNA hybridization. Such 
ultrasensitive electrical detection of metal tags has been accomplished in 
connection to a variety of novel DNA-linked particle nanostructure 
networks. The clustered systems could be loaded with additional markers, 
including redox-active moieties. For example, silica nanoparticles loaded 
with trA(2,2’-bipyridyl)cobalt(III) [45] or Au nanoparticles functionalized 
with tethered ferrocene units [46] were applied for labeling of DNA and 
further electrochemical DNA detection based on the redox process of the 
redox-active complex units. 

Powerful nanoparticle-based electrochemical DNA hybridization assays 
were developed using Au, Ag, Cu or In metal tracers [47-51]. Such protocols 
have relied on capturing the gold [47, 48], silver [49], CUcore-AUsheii [50] 
nanoparticles, or In nanorods [51] to the hybridized target, followed by 
anodic-stripping electrochemical measurement of the metal tracer. The probe 
or target immobilization has been accomplished directly on carbon or 
indium-tin oxide (ITO) electrodes [52, 53]. Alternatively, the DNA probe 
was linked to streptavidin-coated magnetic beads [47] or adsorbed onto the 
walls of polystyrene microwells [48]. The DNA- functionalized beads were 
collected on an electrode surface, and picomolar levels of the DNA target 
have thus been electrochemically detected. For example, an electrochemical 
method was employed for the Au nanoparticle-based quantitative detection 
of the 406-base human cytomegalovirus DNA sequence (HCMV DNA) [48]. 
The HCMV DNA was immobilized on a microwell surface and hybridized 
with the complementary oligonucleotide-modified Au nanoparticle. The 
resulting surface-immobilized Au nanoparticle/double-stranded DNA 
assembly was treated with HBr/Bra resulting in the oxidative dissolution of 
the gold particles. The solubilized Au^Aions were then electrochemically 
reduced and accumulated on the electrode and subsequently determined by 
anodic stripping voltammetry using a sandwich-type screen-printed 
microband electrode (SPMBE). The combination of the sensitive detection 
of Au^ -ions at the SPMBE due to non-linear mass transport of the ions, and 
the release of a large number of Au^^ ions upon the dissolution of the particle 
associated with a single recognition event provides an amplification path that 
enabled the detection of the HCMV DNA analyte at a concentration of 
5x10'^^ M. Further sensitivity enhancement was achieved by the catalytic 
enlargement of the gold tracer associated with the double-stranded DNA 
assembly by the deposition of gold [47] or silver [54]. Combining such 
enlargement of the metal-particle tags, with the effective ‘built-in’ 
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amplification of electrochemical stripping analysis paved the way to sub- 
picomolar detection limits. 
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Figure 3. Schematic outline of the steps involved in the amplified electrochemical detection 
of DNA by the catalytic silver cluster deposition on the DNA strand: (a) Hybridization of the 
complementary target DNA (9) with the DNA probe (8) covalently linked to the electrode 
surface through a cystamine monolayer; (b) Loading of the Ag^ ions onto the immobilized 
DNA; (c) Reduction of Ag^ ions by hydroquinone to form silver aggregates on the DNA 
backbone; (d) Dissolution of the silver aggregates in an acid solution and transfer to the 
detection cell followed by stripping potentiometric detection (PSA = potentiometric stripping 
analysis). 



An electrochemical protocol for detecting DNA hybridization based on 
the deposition of the metal clusters along the DNA backbone (instead of 
capturing it at the end of the duplex) was described recently [55]. This 
protocol relies on DNA-template induced generation of conducting 
nanowires as a result of DNA hybridization. The use of DNA as a 
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metallization template [56] has evoked substantial researeh aetivity direeted 
to the generation of eonduetive nanowires and the eonstruetion of funetional 
eireuits [57-60], Sueh approaeh was applied to grow silver [58, 59], 
palladium [57] or platinum [60] elusters on DNA templates. Elements from 
the methods used for the generation of metal nanoeireuitry based on DNA 
templates were adapted to develop DNA deteetion sehemes as outlined in 
Figure 3. The short DNA primer (8) attaehed to the eleetrode hybridizes with 
the target DNA (9) (step a). The phosphate groups assoeiated with the long 
target DNA (9) eolleet Ag^-ions from the solution by eleetrostatie interaetion 
(step b). The bound Ag^-ions are then redueed by hydroquinone, resulting in 
the formation of metallie silver aggregates along the DNA (step e). The 
subsequent dissolution and stripping eleetroehemieal deteetion of the 
nanoseale silver elusters (step d) provides then the route to deteet the 
hybridized DNA. It should be noted, however, that the short DNA primer 
might also bind some Ag^ ions that yield a baekground response. The 
baekground signal eould be avoided and the sensitivity provided by this 
method eould be improved upon applieation of peptide nueleie aeids (PNA) 
that laek phosphate groups and thus do not bind Ag^ ions as the primer for 
hybridization of the target DNA. 

The eatalytie features of metal nanopartieles that enable the eleetroless 
deposition of metals on the nanopartiele elusters allow the enlargement of 
the partieles to eonduetive interpartiele-eonneeted entities. The formation of 
eonduetive domains as a result of bioreeognition events provides then an 
alternative path for the eleetrieal transduetion of bioreeognition events. This 
was exemplified by the design of a miniaturized immunosensor based on Au 
nanopartieles and their eatalytie properties [61] (Figure 4(A)). Fatex 
partieles stabilized by an anionie proteetive layer were attraeted to a gap 
between mieron-sized Au eleetrodes by the applieation of a non-uniform 
alternating eleetrie field between the eleetrodes (dieleetrophoresis). Removal 
of the proteetive layer from the latex partieles by an oppositely eharged 
polyeleetrolyte resulted in the aggregation of the latex partieles and their 
fixation in the gap domain. Adsorption of protein A on the latex surfaee 
yielded a sensing interfaee for the speeifie assoeiation of the human 
immunoglobulin (IgG) antigen. The assoeiation of the human 
immunoglobulin on the surfaee was probed by the binding of the seeondary 
Au-labeled anti-human IgG antibodies to the surfaee, followed by the 
eatalytie deposition of a silver layer on the Au nanopartieles. The silver layer 
bridged the gap between the two mieroeleetrodes, resulting in a eonduetive 
‘wire’. Typieal resistanees between the mieroeleetrodes were 50-70 Q, 
whereas eontrol experiments that laek the speeifie eatalytie enlargement of 
the domain by the Au nanopartiele-antibody eonjugate yielded resistanees 
>10^ Q. The method enabled the analysis of human IgG with a deteetion 
limit of ea. 2x10'’^ M. 
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Figure 4. (A) Immunosensing at micro-sized Au electrodes based on the change of 
conductivity between the Au strips upon binding of Au nanoparticles followed by silver 
deposition. (B) The use of a DNA-nanoparticle conjugate and subsequent silver deposition to 
connect two microelectrodes, as a means to sense a DNA analyte. (Part A is adapted from ref. 
6, Scheme 15(A), with permission). 



A related DNA deteetion seheme was developed using mieroeleetrodes 
fabrieated on a silieon ehip [62] (Figure 4(B)). A probe nueleie aeid (10) was 
immobilized on the Si 02 interfaee in the gap separating the mieroeleetrodes. 
The target 27-mer-nueleotide (11) was then hybridized with the probe 
interfaee, and subsequently a nueleie aeid (12)-funetionalized Au 
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nanoparticles were hybridized with the free 3 '-end of the target DNA. The 
An nanoparticle catalyzed reduction of Ag^-ions by hydroquine, and this 
resulted in the deposition of silver on the Au nanoparticle assembly and the 
decrease of the resistance between the electrodes. Single -base mutants of the 
analyte oligonucleotide ( 11 ) were washed off from the capture -nucleic acid 
( 10 ) by the use of a buffer with the appropriate ionic strength. A difference 
of 10® in the gap resistance was observed upon analyzing by this method the 
target DNA and its mutant. The low resistances between the microelectrodes 
were found to be controlled by the concentration of the target DNA, and the 
detection limit for the analysis was estimated to be ca. 5x10'^^ M. This 
sensitivity translates to ca. 1 pg-pL’' of human genomic DNA or ca. 
0.3 ng-pL’' of DNA from a small bacterium. The resulting sensitivity 
suggests that the DNA extracted from pathogens may be analyzed with no 
pre-PCR amplification. The simultaneous analysis of a collection of DNA 
targets was accomplished with a chip socket that included 42 electrode gaps, 
and appropriate different nucleic acid sensing probes between the electrode 
gaps [63]. 

The immobilization of nanoparticles on surfaces may also be used to 
yield high surface area electrodes [64] and hence for increasing the 
hybridization capacity of the surface [65]. Such use of nanopartice 
supporting films relied on the self-assembly of 16-nm diameter Au 
nanoparticles onto a cystamine-modified gold electrode and resulted in 
surface densities of oligonucleotides as high as 4xl0’"^ molecules- cm'^. The 
detection of the ferrocenecarboxaldehyde tag (conjugated to the target DNA) 
resulted in a detection limit of 500 pM. The roughening of a Au-quartz 
crystal with a monolayer consisting of Au nanoparticles was also employed 
for the enhanced microgravimetric analysis of DNA [66]. Similarly, 
electrode surfaces roughened by the Au nanoparticles deposition were 
employed as platforms for the enhanced immunoassay using impedimetric or 
amperometric read-out signals [67]. 

Efficient methods for the preparation of semiconductor nanoparticles 
(e.g. CdS, CdSe, PbS, ZnS) and their functionalization with biomaterials 
were recently developed [68]. These nanoparticles were applied for labeling 
of biomaterials in biorecognition processes (e.g. DNA sensing). For 
example, CdS-semiconductor nanoparticles modified with nucleic acid were 
employed as tags for the detection of hybridization events of DNA [69]. 
Dissolution of the CdS (in the presence of 1 M HNO3) followed by the 
electrochemical reduction of the Cd^^ to Cd° that accumulates on the 
electrode, and the stripping-off of the generated Cd° (to Cd^^) provided the 
electrical signal for the DNA analysis. Figure 5(A) shows the 
chronopotentiograms resulting in the analysis of different concentrations of 
the complementary target DNA using the CdS nanoparticles as tags. A 
further development has included the use of magnetic particles 
functionalized with the sensing nucleic acid and CdS nanoparticles 
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functionalized with the complementary oligonucleotide as labels. The 
hybridization of the complementary nucleic acids allowed the separation of 
the duplex from the reaction mixture and its concentration on the electrode 
surface followed by the electrochemical detection. Electroless deposition of 
Cd° onto CdS nanoparticles allowed their enlargement and further 
amplification of the electrochemical signal resulting in the sensitivity level 
as low as 1 00 fmol of the analyte DNA. 
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Figure 5. (A) Stripping potentiograms measured upon the sensing of different concentrations 
of DNA, which is bound to magnetic particles and labeled with CdS-nanoparticles: (a) 
0.2 mg-L'*. (b) 0.4 mg-L'*. (c) 0.6 mg-L‘* (d) Control experiment with non-complementary 
DNA, 0.6 mg-L'*. (B) Multi-target electrochemical DNA detection based on different 
nanocrystal labels: (a) Introduction of probe-modified magnetic beads, (b) Hybridization with 
the DNA targets, (c) Second hybridization with the nanoparticle-labeled probes, (d) 
Dissolution of the nanoparticles and the electrochemical detection. (C) Stripping 
voltammogram recorded upon the simultaneous analysis of three different 60-mer DNA 
targets related to the BRCAl breast-cancer gene (54 nM each) labeled: (Tl) with ZnS 
nanoparticles, (T2) with CdS nanoparticles, and (T3) with PbS nanoparticles. (Part A is 
adapted from ref. 69, Figure 2; Parts B and C are adapted from ref. 70, Figures 1 and 2(E), 
with permission). 
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An interesting aspeet of these systems is, however, the future possibility 
of using a eombination of different metal or semieonduetor tags linked to 
different nueleie aeids for the simultaneous high throughput analysis of 
different DNA targets (a library) linked to different magnetie beads. By this 
approaeh [70], different nueleie aeid probes eomplementary to a series of 
DNA targets are linked to different magnetie partieles. Similarly, different 
semieonduetor or metal nanopartiele tags eomplementary to segments of the 
series of the target DNAs were used as amplifying deteetion units for the 
primary hybridization proeess. The hybridization of the nueleie aeid- 
funetionalized semieonduetor or metal partiele to the speeifie DNA targets, 
followed by the dissolution of the nanopartieles and the eleetroehemieal 
aeeumulation and stripping off of the metals, enables the determination of 
the speeifie DNA targets present in the sample. That is, the eharaeteristie 
potentials needed to strip off the metal provide eleetroehemieal indieators for 
the nature of the analyzed DNA. A model system that follows this prineiple 
was developed [70]. Three kinds of magnetie partieles modified with three 
different nueleie aeids were hybridized with the eomplementary analyte 
nueleie aeids, and subsequently hybridized with three different kinds of 
semieonduetor nanopartieles, ZnS, CdS, PbS, that were funetionalized with 
nueleie aeids eomplementary to the free ends of the analyte DNA 
(Figure 5(B)). 

The magnetie partieles allow easy transportation and purifieation of the 
analyte sample; whereas the semieonduetor partieles provide non- 
overlapping eleetroehemieal signals that transduee the speeifie kind of 
hybridized DNA. Stripping voltammetry of the metals originating from the 
semieonduetor nanopartieles yielded well-defined and resolved stripping 
peaks, e.g. at -1.12 V (Zn), -0.68 V (Cd), and -0.53 V (Pb) (vs. Ag/AgCl 
referenee), thus allowing the simultaneous eleetroehemieal analysis of 
several DNA analytes tagged with the labeling semieonduetor nanopartieles. 
For example. Figure 5(C) depiets stripping voltammograms for a solution 
eontaining three DNA samples labeled with the ZnS, CdS and PbS 
nanopartiele traeers. The funetionalization of the nanoerystal tags with 
thiolated oligonueleotide probes offered the voltammetrie signature with 
distinet eleetrieal hybridization signals for the eorresponding DNA targets. 
The position and size of the resulting stripping peaks provided the desired 
identifieation and quantitative information, respeetively, on a given target 
DNA. The multi-target DNA deteetion eapability was eoupled to the 
amplifieation feature of stripping voltammetry (to yield fmol deteetion 
limits) and with an effieient magnetie removal of non-hybridized nueleie 
aeids to offer high sensitivity and seleetivity. Up to 5-6 targets ean thus be 
measured simultaneously in a single run in eonneetion to ZnS, PbS, CdS, 
InAs, and GaAs semieonduetor partieles. Condueting massively parallel 
assays (in mierowells of mierotiter plates or using multi-ehannel mieroehips. 
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with each microwell or channel carrying out multiple measurements) could 
thus lead to a high-throughput analysis of DNA. 

The amplification paths for electrochemical analyzing DNA that were 
discussed in the previous sections have employed a single reporter unit, e.g. 
a metal or semiconductor nanoparticle, per one hybridization event. For 
further enhancing the sensitivity of DNA detection it is possible to load 
multiple tags per binding event [71, 72], This can be accomplished by 
linking the biorecognition units to polymeric microbeads carrying multiple 
redox tracers in external positions (on their surface) or internal positions 
(via encapsulation). A triple-amplification bioassay that couples the carrier- 
sphere amplifying units (loaded with numerous gold nanoparticles tags) 
with the ‘built-in’ preconcentration feature of the electrochemical stripping 
detection and the catalytic enlargement of the multiple gold-particle tags 
was demonstrated [71] (Figure 6(A)). 



Ai/* Au^ 
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Figure 6. (A) The amplified DNA detection using nucleic acid/Au nanoparticle-functionalized 
beads as labels and electroless catalytic deposition of gold on the nanoparticles as 
amplification path: (a) Hybridization of the nucleic acid/Au nanoparticle-functionalized beads 
with the target DNA associated with a magnetic bead, (b) The enhanced catalytic deposition 
of gold on the nanoparticles, (c) Dissolution of the gold clusters, (d) The detection of the Au^^ 
ions by stripping voltammetry. (B) The amplified DNA detection based on polystyrene beads 
loaded with a ferrocene redox marker. 
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The gold-tagged beads were prepared by binding biotinylated An 
nanopartieles to streptavidin-eoated polystyrene spheres. These beads were 
funetionalized with a single-stranded oligonueleotide, whieh was further 
hybridized with a eomplementary oligonueleotide linked to a magnetie 
partiele (Figure 6(A), step “a”). The numerous Au nanopartiele labels 
assoeiated with one ds-oligonueleotide pair were enlarged by eleetroless 
deposition of gold (Figure 6(A), step “b”) and transported to the eleetrode 
array with the use of the magnetie partiele. Then the Au assembly was 
dissolved upon the reaetion with HBr/Br 2 and eleetroehemieally analyzed 
using eleetroehemieal deposition/stripping proeedure (Figure 6(A), steps “e” 
and “d”). Sueh triple-amplifieation route offered a dramatie enhaneement of 
the sensitivity. In another approaeh, earbon nanotubes loaded with many 
CdS nanopartieles were employed as labels for DNA hybridization [71]. 
Dissolution of the bound CdS nanopartieles in 1 M HNO3 followed by the 
eleetroehemieal deteetion of the released Cd^^ ions provided an amplified 
signal for the hybridization event. 

Internal eneapsulation of eleetroaetive tags within earner beads offers an 
alternative means to label the probes, and it might reveal some advantages as 
eompared with the external labeling of the probes by nanopartieles. For 
example, ultrasensitive eleetrieal DNA deteetion was reeently reported based 
on polystyrene beads impregnated with ferroeeneearboxaldehyde as a redox 
marker ( 13 ) [72] (Figure 6(B)). The eapturing DNA ( 14 ) was linked to 
magnetie partieles and the polystyrene beads funetionalized with the 
eomplementary nueleie aeid ( 15 ) were hybridized with the nueleie aeid- 
modified magnetie partieles. Colleetion of the hybridized system and the 
dissolution of the beads in an organie solvent released the beads- 
immobilized redox label ( 13 ). This allowed the ehronopotentiometrie 
deteetion of the target DNA with a sensitivity that eorresponds to the 
5.1x10'^’ mol (-31,000 moleeules) under experimental eonditions that 
involved 20 minutes hybridization and the ‘release’ of the marker by 
dissolution of the modified beads in an organie medium. The amplified 
eleetroehemieal readout signal was observed with the remarkable 
diserimination of a large exeess (10^-fold) of non-eomplementary nueleie 
aeids revealing the analytieal advantages of this sensing proeess. Further 
efforts should be direeted to eneapsulate different redox markers in different 
polystyrene host beads that eould allow parallel multi-target DNA deteetion. 
Other marker eneapsulation routes hold great promise for eleetrieal DNA 
deteetion. Partieularly attraetive are the reeently developed 

nanoeneapsulated mieroerystalline partieles, prepared by the layer-by-layer 
teehnique, that offer large marker/biomoleeule ratios and superamplified 
bioassays [73]. Related analytieal proeedures that eombined multiple 
amplifieation pathways based on enzyme-funetionalized liposomes and the 
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accumulation of the biocatalytic-reaction product were reported for the 
ultrasensitive DNA assays [74]. Such bioassay relied on the large surface 
area of the liposomes that carry a large number of enzyme molecules. 
Sensing of the accumulated product was accomplished by means of 
chronopotentiometry. 

Photoelectrochemical transduction of DNA recognition processes has 
been demonstrated by using semiconductor (CdS) nanoparticles modified 
with nucleic acids [75]. Semiconductor CdS nanoparticles (2.6±0.4 nm) 
were functionalized with one of the two thiolated nucleic acids ( 16 ) or ( 17 ) 
that are complementary to the 5' and 3' ends of a target DNA ( 18 ). An array 
of CdS nanoparticle layers was then constructed on a Au electrode by a 
layer-by-layer hybridization process (Figure 7(A)). 
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Figure 7. (A) The construction of CdS nanoparticle/DNA superstructures, and their use for 
generation of photocurrents. (B) Dendritic amplified DNA sensing using oligonucleotide- 
functionalized Au nanoparticles assembled on a quartz crystal microbalance (QCM) electrode. 
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A primary thiolated DNA monolayer of 19 was assembled on a An 
eleetrode and the target DNA (18) aeted as a erosslinking unit for the 
assoeiation of the 16-modified CdS nanopartieles to the eleetrode by the 
hybridization of the ends of 18 to the 19-modified surfaee and the 16- 
funetionalized CdS partieles, respeetively. The subsequent assoeiation of the 
seeond type of 17-modified CdS partieles hybridized to the first generation 
of the CdS partieles resulted in the seeond generation of CdS partieles. By 
the stepwise applieation of the two different kinds of nueleie aeid- 
funetionalized CdS nanopartieles hybridized with 18, an array with a 
eontrolled number of nanopartiele generations eould be assembled on the 
eleetrode. This array was eharaeterized by speetroseopie means (absorption, 
fluoreseenee) upon the assembly of the array on glass supports, and by 
mierogravimetrie quartz erystal mierobalanee analyses on Au-quartz 
piezoeleetrie erystals. Illumination of the array resulted in the generation of a 
photoeurrent. The photoeurrents inereased with the number of CdS 
nanopartiele generations assoeiated with the eleetrode, and the photoeurrent 
aetion speetra followed the absorbanee features of the CdS nanopartieles, 
implying that the photoeurrents originated from the photoexeitation of the 
CdS nanopartieles. That is, photoexeitation of the semieonduetor indueed the 
transfer of eleetrons to the eonduetion-band and the formation of an eleetron- 
hole pair. Transfer of the eonduetion band eleetrons to the bulk eleetrode, 
and the eoneomitant transfer of eleetrons from a saerifieial eleetron donor to 
the valenee-band holes, yielded the steady-state photoeurrent in the system. 
The ejeetion of the eonduetion-band eleetrons into the eleetrode oeeurred 
from nanopartieles in intimate eontaet with the eleetrode support. This was 
supported by the faet that Ru(NH 3 ) 3 *’^ units (E“ = -0.16 V vs. SCE), whieh 
are eleetrostatieally bound to the DNA, enhaneed the photoeurrent from the 
DNA-CdS array. That is, the Ru(NH 3 ) 6 ^^ units aeted as eleetron wiring 
elements that faeilitated eleetron hopping of eonduetion-band eleetrons from 
CdS partieles that laek eontaet with the eleetrode through the DNA tether. 
The system is important not only beeause it demonstrates the use of 
photoeleetroehemistry as a transduetion method for DNA sensing, but also 
sinee the system reveals the nano-engineering of organized DNA-tethered 
semieonduetor nanopartieles on eonduetive supports. These latter nano- 
engineered struetures are the first step towards eleetronie nano-eireuitry. 

Nanopartieles as eomponents of metal-nanopartiele-nueleie aeid hybrids 
represent high moleeular weight units that make these eonjugates ideal labels 
for mierogravimetrie quartz-erystal-analyses of bioreeognition proeesses on 
the surfaees of piezoeleetrie erystals. Furthermore, as nanopartieles aet as 
eatalysts for the deposition of metals, even higher mass ehanges may be 
stimulated and thus the amplified mierogravimetrie deteetion of 
bioreeognition proeesses may be aeeomplished. For a quartz piezoeleetrie 
erystal (AT-eut) the erystal resonanee frequeney ehanges by Af when a mass 
ehange Am oeeurs on the erystal aeeording to equation 1 (the Sauerbrey 
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equation [76]), where fo is the fundamental frequeney of the quartz erystal, 
Am is the mass ehange, A is the piezoeleetrieally aetive area, pq is the 
density of quartz (2.648 g-em'^), and Pq is the shear modulus 
(2.947xl0” dyn-em'^ for AT-eut quartz). 



Af--2f" 



A m 



( 1 ) 



Mierogravimetrie (QCM) DNA deteetion using nueleie aeid- 
funetionalized Au nanopartieles as "nano-weights" was aeeomplished by the 
hybridization of a target DNA ( 20 ) to an Au-quartz erystal modified with a 
probe oligonueleotide (21), followed by the hybridization of the interfaee 
with Au nanopartieles funetionalized with DNA ( 22 ) that is eomplementary 
to the free 3'-segment of the target DNA ( 20 ) [77] (Figure 7(B)). Further 
amplifieation of the response was reported by the use of a seeondary Au 
nanopartiele that is funetionalized with the nueleie aeid (21) that is 
eomplementary to the 5'-segment of the target DNA ( 20 ) and enables a 
layer-by-layer deposition of the Au nanopartieles. The hybridization of the 
21-modified Au nanopartieles with the analyzed DNA ( 20 ) followed by 
hybridization of the eomplex to the primary nanopartiele layer, yielded a 
‘seeond generation’ of Au nanopartieles reminiseent of the growth of 
dendrimers [77,78]. Coneentrations as low as 1x10’’° M of DNA eould be 
sensed by the amplifieation of the target DNA by the nueleie aeid- 
funetionalized Au nanopartiele labels. It has been shown that the inerease of 
the size of the Au nanopartieles labels from 10 nm up to ea. 40-50 nm results 
in an enhaneed Af signal, thus inereasing the amplifieation faetor in the DNA 
analysis [79]. Further inerease of the Au nanopartiele size, however, resulted 
in smaller ehanges in the mierogravimetrie signal beeause of ineomplete 
hybridization of the DNA analyte due to too large size of the labeling 
partieles. 

A further method for the amplified mierogravimetrie quartz-erystal- 
mierobalanee analysis of DNA utilized the eatalytie metal deposition on the 
nanopartiele labels [80]. Figure 8(A) depiets the amplified deteetion of the 
7249-base M13mpl8 DNA using the eatalytie deposition of gold on a Au 
nanopartiele eonjugate [81]. The DNA primer ( 23 ) was assembled on a 
Au/quartz erystal. After hybridization with M13mpl8 DNA ( 24 ), the double- 
stranded assembly was replieated in the presenee of the mixture of 
nueleotides (dNTP-mix) dATP, dGTP, dUTP, biotinylated-dCTP (B-dCTP) 
and polymerase (Klenow fragment). The resulting biotin-labeled repliea was 
then reaeted with a streptavidin-Au-nanopartiele eonjugate ( 25 ), and the 
resulting Au-labeled repliea was subjeeted to the Au nanopartiele eatalyzed 
deposition of gold by the NH 2 OH stimulated reduetion of AuCfi'. 
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Figure 8. (A) Amplified detection of the 7249-base M13mpl8 DNA using the catalytic 
deposition of gold on a Au nanoparticle conjugate. (B) Analysis of a single-base mismatch in 
DNA using the catalytic deposition of gold on a Au nanoparticle conjugate. (C) 
Microgravimetric detection of a single-base mutant enhanced by the catalytic deposition of 
gold on a Au nanoparticle conjugate: The frequency responses observed with a mutant (a) and 
with a normal DNA sequence (b). Arrow (1) shows the attachment of the Sav-Au conjugate. 
Arrow (2) shows catalytic deposition of gold on the Au nanoparticles. (Adapted from ref. 81, 
Scheme 1 and Figure 2, with permission). 
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The replication process represents the primary amplification since it 
increases the mass associated with the crystal, and simultaneously generates 
a high number of biotin labels for the association of the streptavidin-Au 
nanoparticle conjugate. 

The binding of the nanoparticle conjugate represents the secondary 
amplification step for the analysis of the M13mpl8 DNA. The third step, 
involving the catalyzed precipitation of the metal, led to the highest 
amplification in the sensing process due to the increase in the mass of the Au 
nanoparticle. The M13mpl8 DNA could be sensed by this method with a 
lower detection limit of ca. 1x10'^^ M. This amplification route was also 
applied for the analysis of a single base mismatch in DNA as depicted in 
Figure 8(B). This is exemplified by the analysis of the DNA mutant (26a) 
that includes the single base substitution of the A-base in the normal gene 
(26) with a G-base. The analysis of the mutant was performed by the 
immobilization of the probe DNA (27) that is complementary to the normal 
gene (26) as well as to the mutant (26a) up to one base prior to the mutation 
site, on the Au-quartz crystal. Hybridization of the normal gene or the 
mutant with this probe interface, followed by the reaction of the hybridized 
surfaces with biotinylated-dCTP (B-dCTP) in the presence of polymerase 
(Klenow fragment) incorporated the biotin-labeled base only into the 
assembly that included the mutant (26a). The subsequent association of the 
streptavidin-Au conjugate (73), followed by the catalyzed deposition of gold 
on the Au nanoparticles, amplified the analysis of the single base mismatch 
in (26a). Figure 8(C), curve (a), shows the microgravimetric detection of the 
mutant (26a) by this method while the normal gene (26) does not alter the 
frequency of the crystal (Figure 8(C), curve (b)). Using this method, the 
mutant could be detected with a detection limit of 5x10'^^ M. 



4. CONCLUSIONS 

This article has summarized recent advances in the rapidly developing 
area of functional biomaterial-nanoparticle hybrid systems. This topic 
represents an interdisciplinary effort to combine the unique electronic and 
catalytic properties of nano-objects with the naturally optimized recognition 
and reactivity functions of biomaterials. The fact that nanoparticles and 
biomaterials such as enzymes, antibodies or nucleic acids are of similar 
dimensions turns the hybrid systems into attractive nanoelements or building 
blocks of nanostructures and devices. 

The analytical applications of nanoparticle-biomaterial systems have 
advanced tremendously in the last decade. The catalytic properties of 
biomaterials have enabled the amplification of biorecognition events. Upon 
the assembly of nanoparticle-biomaterial hybrid systems on surfaces, the 
electronic detection of biorecognition events can become feasible by 
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electrical conductivity, piezoelectric or photoelectrochemical transduction 
means. 

The electronic triggering of redox proteins by the incorporation of 
nanoparticles represents a novel strategy for the electrical contacting of 
redox enzymes with their macroscopic environment. The use of other nano- 
objects, such as metal or semiconductor nanorods or carbon nanotubes, for 
the electrical contacting of redox enzymes may be envisaged. 
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Hall, 203, 206, 207, 213, 221, 243 

humidity, 43-44, 283 

impedance, 194, 197 

intelligent, 1 

interfacing, 4 

liquid-phase, 92, 96 

magnetic, 218, 229, 232 

magnetooptic, 218, 222 

magnetostrictive, 219 

market, 4 

mass, 427, 439 

microcantilever, 337 

micro-fluxgate, 218 

micro-Hall, 245 

microsystem, 3, 14 

modulating, 12-13 

moisture, 43 
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multifunctional, 47 
multiparameter, 6, 46-47 
non-idealities, 5 
one-port, 140 
parametric, 12 
passive, 13, 197 
position, 37, 213, 223 
pressure, 29-33, 191 
pyroelectric, 130, 147, 150 
quartz crystal, 424 
quasi-digital, 2 
RH, 43 

resonant, 141-143 
scalar, 205 
scintillation, 12 
self-generating, 12-13 
silicon, 4 

Spin-depending Tunelling (SDT), 216 
split-current, 206 
Tagushi, 421 
temperature, 15-29, 188 
two-port, 140 
water content, 195 
wireless passive SAW, 156 
serial digital signal, 1 0 
signal domain, 14 
Signal-theory quidelines, 160 
chemical, 45 
silicon 

on isolator (SOI) technology, 266 
opto sensor, 41 
porous, 273 
single 

buffered method, 67, 77 
electron transistors, 448 
silicon chip, 9 
time interval, 10 
Single-base mutants, 458 
sheare modulus, 98, 121 
shift keying 

amplitude (ASK), 174 
phase (PSK), 175 
smart accelerometer system, 36 
smart sensor , 1 

architecture, 5-8, 77 
SMBus 

interface, 16 
serial bus, 16 

soil moisture smart sensor, 43 
spasing interval, 9 
special resist (SU-8), 260 
SPl, 16, 25 
spin valve, 214, 215 
SQUID, 218 



standard counting method, 52, 78 

stertch, 191 

stress 

compensation, 259 
engineering, 257 
reduction, 259 
symmetrical, 178 
system 

SAW identification, 187 
SAW sensor, 197 
standard radar, 197 
wireless passive SAW sensor, 187 
surface 

acoustic wave (SAW), 12, 156 
mechanical impedance, 96, 98, 99 

TEDS, 34 
temperature 

coefficient of delay, 1 65 
fluctuation noise, 396, 402 
transient, 303 
thermal 

analysis, 308 
conductance, 293, 395 
conductivity, 276, 397 
design, 291 
measurement chip, 19 
model, 293 
monitoring, 22 
resistance, 290, 297, 303 
simulation, 292 
steady-state field, 294, 300 
time-delay line, 20 
transient field, 294, 300 
Thermal-Feedback Oscillator, 19 
thermo-elastic dissipation (TED), 345 
thermomechanical 
detectors, 384 
noise, 355, 356 
noise limit, 402 
thick-film 

lead zirconate titanate, 126 
PZT, 125, 135, 136, 137, 147 
technology (TFT), 125, 126 
thin-film 

permalloy, 208 
thiolated monolayer, 450 
time domain sampling, 167 
torque, 191 
transducer, 331, 332 
layout, 176 
micromechanical, 383 
pressure, 29-32 
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single phase unidirectional (SPUDT), 
176 

smart, 4 

split finger, 176, 177 
uniform, 176 
transient equation, 294 
transponder 
antenna, 165 

impedance-type SAW, 195 
TSM resonator, 93-95, 121 

vapour deposition 

physical (PVD), 256 
chemical (CVD), 256 
variability, 437 
viscoelastic loading, 107, 114 
viscoelasticity, 92, 100, 111, 118 
voltage pooled film, 422 

waveguiding layer, 98, 109, 115 
weight function, 55 
Wien Bridge, 22 

window-comparator architecture, 26 
yield strength, 276 




